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STRACT 

The monograph correlates results of many years work of various 
Scientific Research I,stitutes of the Seviet Union, in particular of the 
Physioe-mechanical Institute of the Academy of Sciences of the Uzbek SSR, 
as well as of these in other countries, in the sphere of methods and 
apparatus development for the geophysical serial electric prospecting of 
useful minerals. It presents as estimate of the primary electromagnetic 
fields. Gives analysis of interferences of various origins, affecting the 
receiving-measuring channel. Discusses electric eompensation methods of 
the primary field signal, etc. 

It is meant for specialists of general and geephysical instruments 
engineering and geophysical electric prospecting. It should alse be useful 


for students of corresponding trades. 


Ch. Editor B.I. Blazhkevitch 


Dr. of Techn.Sciences. 
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FOREWORD 


In the general complex of geophysical investigations, both in USSR 
and in other countries, the importance of aerial geophysical prospecting 
progressively increases. 

At present the following methods are being applied in the aerial 
geophysical prospecting: phetosurveying, magnetic preapecting, gamma-ray 
and gravity surveys and electric prospecting (6, 9, 26, 27, 51, 103, 142, 158, 
240). Each one of the indicated methods has its own characteristics and 
limits of application. Magnetic prespecting and gamma-ray survey could be 
rated as the most highly developed method, gravity survey as the least. 
During the last decade electric prospecting has become widely ddepted in 
airborne geophysical investigations. 

The serial geophysical investigations were initiatly conducted in 
Soviet Union in 1939 by A.A. Legatchev and A.T. Mainbored, whe used 
magnetiexete: in experimenting during a flight (26). In 1939 the All Union 
Geological Institute (VSEGEI) has founded the first geromagnetic party 
in the werld. 

In other countries the airborne geophysical investigations have begun 
considerably later. Specially in USA this type of investigations were not 
conducted until 1946. 

Aerial geophysical prospecting has the advantages of low cost, high 
speed of eperations, possibility of investigating roadless areas as well 
as imaccessible areas ground-work and continuity and objectivity of 
measuring results. The shortcomings of these methods are complexity of 
eperations in high mountain conditions and difficulty of herizontal alignment 


in these localities. 


The initial development of aerial electric prospecting was begun only 
in the fiftees. The idea of creating this type of methods fer prospecting 
was nascent as far back as the thirties-forties (168, 202, 203). However, 
the realization was hampered by non-availability, at that times, of high- 
response noiseproof measuring apparatus, capable of operating in flying 
conditions. 

The first practical attempt to switch over from ground electric 
prospecting to airborne was undertaken in 1946 in Canada by “Lundberg 
Exploration Ce." Investigations on a small scale were carried out by means 
of generating and receiving apparatus, but the results ebtained were found 
to be inconclusive. 

The most successful, apparently, was the apparatus of another Canadian 
firm "Internation Nickel Co." With the use of this firm's apparatus a 
discovery was made in 1950 of massive sulphides deposit in New Brunswick 
(Canada). Then in 1955 appeared the apparatus of the swedish firm "ABEM", 
the apparatue of “American metal and Co.", two-frequency apparatus of the 
Canadian firm "Aeromagnetic Service Ltd., Toronto” and others. The indicated 
apparatus was eperated, as a rule, by the induction method with the use of 
harmonic fields (6, 158, 258, 263, 267). 

The typical features of the first developments outside «: USSR were 
their advertisement and "secrecy". Each firm or company advertised its ewn 
version of aeroelectric prospecting, without any serious analysis cf its 
realistic pessibilities. Recently the curtain of secrecy has been to sone 
extent lifted (166, 167, 211, 254, 263), but net enough for an exact concept 
of principles in design of the apparatus, ner of the methods applied for 
interpretation of obtained results. 

In the Soviet Union the aerial electric prospecting is developing 
systematically. It's scientific fundamentals and industrial applicatiens 


are coordinated by the Ministry of Geology of USSR and Acadeny of Sciences 


of USSR. 

Scientific organisations of the Institute of Earth's physica (1¥%Z) of the 
Academy of Sciences of USSR, Hoscow State University (HGU), All Union 
Scientific Research Institute of Methods and Technigue of Gsophysical pros- 
pecting (VITR) of the Ministry of Geology of USSR, All Union Scientific 
Research Institute of Prospecting Geophysics (VIRG) of the Ministry of 
Geology of USSR and others, are resolving theoretical questions and problems 
of interpretation, and substantiating spheres of application and the possibility 
of applying airborne electric prospecting for geological mapping and 
exploration of useful minerals. 

The co-workers association of the Physico-Nechanical Institute of the 
Science Academy of Uzbek 3SR (formerly Institute of HNechanical ungineering 
and Automatics of the Academy of Sciences of Uzbek SSR) is actively partici- 
pating in the development of apparatus for aerial electric prospecting. As a 
result of extensive scientific research, many important questions relating to 
the methods and technique of electric prospecting have been resolved. Principles 
have been laid down for designing,generating and measuring apparatus for certair 
methods,which have found application in the national geophysical practice. 

The first method-testing aerial electric prospecting in USSR was 
conducted in 1957-59 in the area of liaidan-Villa r.st. of Shepetovsky District 
in Khmelnitsky region of Uzbek SSR. The tests were conducted by two methods - 
method of infinitely long cable (Bok) and method of induction (plane version 
with an out-board gondola) (89, 102, 103, 105, 123, 132). Using experience 
of the testing and production work of aerial electro-prospecting apparatus,many 
organisations began intensive development of known and new versions of the 
indicated methods. Thus, VITR has developed a version of induction method 
with the use of revolving magnetic field (Vie), Institute of automatics and 
electrometry of the Academy of Sciences of USSkK has suggested a method of 


aerial electro-prospecting with the use of the natural magnetic field of 


Earth*, etc. 

In the development ef various systems ef apparatus for airborne electric 
prespecting primary consideration was paid to experience accumulated, as a 
rule, in small organizations. As a result many methods were suggested with 
various technical indices and sets of apparatus with many types ef 
characteristica (competence of generating unit, response of receiving unit, 
working frequencies, etc.). 

At present the number of methods for airborne electric prospecting 
has attained several sceres. It should be mentioned,that the induction 
methed has the highest rate of develepment (63, 66, 67, 117, 181, 234, 263). 

In the national develepment of aerial electre-prespecting, the werk 
of Western Khazakstan and Novesibirsky geephysical combines is of high 
theoretical and practical value. 

During the last few years many scientific works have begun classifing 
the results of aerogeophysical survey (41, 42, 63, 66, 69, 117, 216). 

Attempts were made to determine application limits of aerial electre-prespecting. 
specify problems resolvable by its means and te analyse the pessibility of 
combining it with ether aerogeephysical methods. Some majer preblems regarding 
data interpretation have been resolved. However, none of these works pay 

enough attentien to the principles of instrument engineering, typical 


requirements ef devices in flying conditions and many other problems. 


“The samé institute has develeped and produced a set of devices for BDK 
method (method of infinitely long cable), different from those produced in 


Uzbek SSR and Ministry of geolegy of USSR (105, 118). 


The number ef problems resolvable by airborne electric prespecting 
continueusly- increases. Therefore it has become neceseary to correlate 
the main data, relating to technicel fundamentals of airberne electric 
prespecting generally and airborne electric prospecting with harmonic field 
in particular. The aims of the presented monegraph is to systematise the 
technical fundamentals ef the method with harmonic field. 

The authors are sincerely grateful to Dr. B.I. Blaszhkevitch for his 
valuable advice in the preparation of manuscript. 

Any critical remarks and suggestions should be sent te the follewing 


address: L'vev, ul.Mauchnaia, 5, Fizike-mekhanicheski institut AN Usbek SSR. 


PART ONE 
PHYSICAL FUNDAMENTALS OF AIRBORNE BLECTRIC 
PROSPECTING WITH HARMONIC FIELD. 
Chapt. I - CLASSIFICATION AND GENERAL CHARACTERISTICS OF METHODS APPLIED 
IN AIRBORNE ELECTRIC PROSPECTING. 
1. Problems ef airberne electric prospecting. 

Experience has proved the effectivity and economical expediency of 
this method, specially in inaccessible locality. It is being successfully 
applied in detecting and tracing of sulphide ore, electric mapping of large 
areas, the search of fresh water, problems of applied geelozy, etc. (163, 166, 
170, 190, 201, 202, 209, 263). 

Same as all the other geophysical methods of prespecting for useful 
minerals, airborne electric prospecting finds a wide range of application in 
combination with ether aeregeephysical and ground methods of expleratien (26, 
166, 169, 184, 202). In some cases it may resolve indpendent problems, in 
ethers it gives the basic or auxiliary information in the interpretation of 
field material (6, 8, 190). But sometimes its application may be found 
altogether irrational (51, 202). 

Diversity of problems facing airborne electric prospecting, variability 
ef geological and physical conditions, in which it may be used as a form of 
aerial geophysical axrploration, require different means for the study of 
measurable parameters, methods of interpretation and, moreover, assume 
existence of several already worked out methods of airborne electric 
prespecting. 

For a resolutien of a certain problem the choice of method for 
airbeme electric prespecting is predetermined by twe main criteria. The 
first is connected with physical properties and dimensions of the typical 


conductive body, which is being sought, the second - with geological 


conditions, topography or with chemical and physical features of the 
exploratien area. Effectivity of airborne electric prospecting is 
determined also by rational selection of method for aerial investigatiens 
and correct interprdation of obtained results. 

From reconnaissance and mapping to detailed expleration from the air 
of limited areas in the search for purely ore objects - is the range of 
problems resolvable by airborne electric prespecting. However for concrete 
geological conditions the number of these problems is, of course, limited 
and is subject for special investigations. 

Unfortunately upto now, questions regarding development of concrete 
and specific problems, resolvable by airborne electric prospecting 
independently or in combination with other geophysical methods have not as 
yet been clearly formulated and are not elucidated, neither by special 
literature, nor by any text books, which limits to a certain extent ita 
application. 

Concretisation of problems, resolvable by airborne electric 
prospecting is at present of approximate nature. In spite of the considerable 
acepe of werk, carried out in various geological conditions, the obtained 
data are interpreted mainly qualitatively. However this gap will be filled up 
with accumulation of experimental material and resolution of a number ef 
theoretical problems end questions of mechanical interpretation of survey 
resulta. 

Before characterising the range of problems, resolvable by airborne 
electric prospecting, let's peint out the main advaktages of utilizing 
variable electremagnetic fields in geophysics. 

1. Mere complete resolution of inverse geeprysical problem, i.e, discrete 


determination of the physical properties of the source of anomaly and its 


geonetrical parameters (in airborne electric prospecting development of 
these questions is still in the initial stage). 

2. Amplitude-phase measuring of electromagnetic fields in a wide 

range of frequencies with the aim of classifying geophysical anomalies of ore 
and reck products (this advantage is widely applied in practice). 
Application of frequency characteristics ia mest important in compesite 
g00logical—geephysical conditions in the presence of highly conductive cover 
of variable thickness and elso non-uniform enclosing rocks (it is precisely 
because of this, that multifrequency detailed survey on anomalous sections, 
detected during explorations, is censidered to be a necessary stage of field 
work). 

3. Peasibility of exploring certain types of ore, lacking the 
continuous galvanic conductivity. 

The main disadvantages of using variable electromagnetic fields in 
geophysics include discovery side-by-side with highly conductive ore, 
anomalies of large quantities of reck products; comparative complexity of 
fields, which hampers theoretical calculations in resolving inverse 
geophysical problems; appearance of distorting effort of surface non- 
uniformities with increasing frequency of the field. 

Ay present the variable current electric prospecting utilizes electro- 
magnetic fields with frequency frem tens cycles per second te hundreds of 
kilecycles. Lew frequency airberne electric prospecting of objects with very 
high electric conductivity has certain advantages overthe high frequency 
ene. The most important of these is the considerable depth of investigations, 
i.e. the pessibility of detecting deep-seated conductive bedies. The high 
frequency airborne electric prospecting is worth while on objects of 
comparatively high resistance, It should be pointed out, that both the 


advantages and disadvantages of using variable magnetic fields in airbemme 


electric prospecting become more perceptible with higher frequency of 
electromagnetic oscillations. 

Various versions of devices for airberre electric preapecting by method 
of inductien with one er two airborne apparatus have become quite popular. 
Conditions, in which eddy currents are generated in conductive bedy under 
the effect of primary field, built-up by the generator frame, depend in this 
method on relationship between the generator frame and the deep-seated 
conductive body. .. “5 

It is a kmown fact (180), that with horizontal position of generator 
frame the maximum bond exists in the case, when the conductive body (bed) is «7 
also eccuring horizentaly or at a flat slant in relation to horizon. But 
with the vertical generator frame Baxinum bond exists with a body bedded at 
depth in a vertical plane, and specially, when the plane of the vertical 
generator frame is parallel to the plane or the strike of this body. 

Therefore, depending on the problem of expleration it ia possible to 
apply different vwarsions of aeroinduction with the use of verti€al and 
horizontal generator fremes. Thus, in the search for sulphides, specially 
in the areas of Pre-Cambrian Shield, it should be kept in view, that an 
overwhelming majority of massive sulphides occur vertically. In this case 
generator frame, mounted in vertical plane, will have a maximum bond with 
the conductive object. It means, that the aerial method for prespecting 
maould have a vertical set up (horizontal direction of magnetic tement) of 
the generator frame, etc. 

In the opinion of majority of authors (7, 203, 209), the induction 
method could be more expediently used in resolving problems of geological 
mapping and reconoitring expleration of areas with possible mineralization, 
since very effen these are the areas with wide anomalies of considerably 
greater magnitude than the ore areas, which are . invariably connected with 


massives of rocks, forming large structural shapes, Problems of geolegical 


Mapping are related to the problem of discovering areas, where it is 
possible to apply other aerogeo-physical method and to carry out ground 
explorations of one or another type of useful minerals. 

Similar problems could be more or less resolved by aerial method of 
infinitely long cable (BDK) and of radiokip. Per instance, airborne 
electric prospecting by BDK method has greater mapping possibilities than 
the induction method. This may be explained primarily by the pessibility of 
conducting small scale survey at comparatively low altitute of flight and by 
the nature of the field, formed by the land group. The advantages or BDK 
method increase considerably with the use of helicopters in the search for 
ore deposits in extremely rugged region. Application of helicopter versions 
of airborne induction method is limited by the dependence of survey results 
(specially with amplitude determinations) on the altitude of helicepter's 
flight in these conditions. 

The aerial radioactive method of prospecting should be used combined 
with other airborne geophysical methods for exploration of useful minerals. 
Physical and technical prerequisites of suitable conditions for airborne 
electric prespecting by radioactive method are assumed to be the following 
(202, 204): sufficiently high difference in electric conductivity of the 
sought for geological object and enclosing rocks; uniformity and constant 
thickness of overburien and its high resistivity; non-presence on working 
profiles of electric transmission or communication lines, pipe-lines, 
railway lines and other man-made conductors. 

It follows then, that airborne electric prospecting by radioactive 
method could be used in resolving problems of geological mapping, detecting 
zones of tectonic dislecations and, sometimes, in suitable conditions, for 
exploring and tracing of sulphide ore bodies. Successful application of this 
method is also possible in resolving problems of applied geology and hydre- 


geclogy. 


Such is the general outline of the range of problems, which are being 
resolved at present by means of airborne electric prospecting. Undoubtedly, 
in time the limits of ite application will widen. Its methods will become 
more perfect and will assure effective resolution, both ef general and 
concrete geophysical problems. 

2. Classification of methods. 

Geophysical investigations are divided into surface, subsurface and 
aerial. A place of impertance among the latter is taken by aerial electric 
prospecting, development rate of which has considerably increased during the 
last 10-15 years. During this time considerable number of methods and 

“sthete modifications for this type of prospecting have been developed, sometimes 
so similar in their physical principles and practical application, that it 
is difficult to select operative methods either for the resolution of general, 
or specific problems of geophysical investigations. 

Classification of geophysical investigation methods, which from a common 
theoretical point of view present a picture of the present state of airborne 
electric prospecting as a whole, will make it pessible to determine ways for 
development and improvement of the methods themselves, as well as of the 
schemes of installations and apparatus for their practical implementation. 

To resolve this problem N.I. Kalashnikov and 8.K. Kuzovkin have based 
classification of the modern methods of geophysical investigations en the 
following distinctive criteriat 

1. Type of the applied sources of electromagnetic field. 

2. Time and nature of the radiated electromagnetic field. 

3. Interpretation methods of the survey's results. 


4. Technique of survey (geometry of installation, i.e. disposition 


* See book "Geophysical apparatus, 33. "Nedra", Leningrad, 1967. 
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system of the sources and receivers of the field; excitation methods of the 


primary field sources and the methods for investigating variations of this 


field, etc. 


On basis of the first classification sign methods ef the airborne 


electric prospecting could be divided into two large groups: methods using 


artificial electromagnetic field, and methods using the natural electro- 


magnetic field{fig.1). 
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In construction of apparatus, development of methods and technique for 
interpretation of survey results the significance is of the second classification 
sign. Nature of the radiated electromagnetic field specifies, on one hand, 
construction of the generating and receiving devices of tbe first group of 
methods, and on the other - determines methods for measuring parameters of this 
field and specifies a number of characteristic features for the conduct of 
survey and interpretation of its results, aa well as for plotting schemes 
of apparatus for one or another method of airborne electric prospecting. 

From the time nature of the radiated electromagnetic fields practically 
all methods of the first group (with artificial é¢lectromagnetic fielda) could be 
reduced to two subgroups: 1) methods using harmonic field; 2) methods using 
non-harmonic electromagnetic field. It is logical, that in the group of 
nethods with natural fields there is only one subgroup with non-harmonic fields, 
which, as we know, are built-up by far away thunderstoraus. 

In defining the third classification sign, it should be mentioned, that 
all the methods of airborne electric prospecting are based on the properties 
of only the variable electromagnetic field. These properties for norma] and 
anomalous fields, used in the airborne electric prospecting, are analysed 
theoretically in three zones; near, combined and remote.* Accordingly the 
methods suggested are in principle distinct from each other in theoretical 
premises, as well as in the interpretation methods of survey results; induction 
method, which uses nearest zone to emitter of harmonic field; radio method 
using the furthest zone; method of combined zone - airborne electric prospecting 


by BDK method. 


Wwawve : 
*The zone, heres iansth of electromagnetic wowe A is considerably greater 
then distance r between the emitter and receiver of electromagnetic field, is 
denoted as the near, zone with 2 < Y - furthest and the gone, where Zz = 7 


ord rq r, - combined. 


The fourth classification sign could form a basis for apparatus 
modification or a version of some definite method of aerial electro-prospecting. 
RE ae this sign is of technical, and not theeretical nature, the number 
of apparatus modifications and method versions is unlimited, which is 
confirmed by practical experience. For instance, the highest number of 
versions pertains to the subgroup of methods using harmonic field of the 
nearest zone. The Sdevirouaenetio primary and anomalous fields in the zone 
of induction, even though denentent to a considerable extent on the geometry 
of the system, can be depicted in their majority by simple terms, convenient 
for using comparatively simple methods for interpretation of survey results. 
However not every geometry system of the generating and receiving frames 
location in space has unambigous exploration possibilities (depth, resolving 
power, efficiency, etc.) and moreover not every geometry could be easily 
realised by the present technical means. 

Application of different versions of the nearest zone method, when the 
use is of one aircraft end outboard gondola, two aircrafts apparatus with 
combined generating and receiving frames or with their discrete set up, 
indicate, that the interest aroused by this method is as great as ever (66, 
67, 117, 132, 180, 181). 

Thus, the most highly developed are the methods of airborne electric 
prospecting with artifidally built-up electromagnetic harmonic fields. The 
natural non-harmonic fields can be applied only with methods of the remote 
zone, since the flight of aircraft in the vicinity of the thunderstorm center 
is dangerous. 

Certain difficulties of theoretical and constructional nature are present 
in the use of non-harmonic fields. Possibilities of methods with this type 
of fields are not as yet fully discovered. Therefore the subgroup of methods 


using the non-harmonic fields happens to be less developed, although the 


premises are there for their intensified development with accumulation of 
experimental data. 

The diversity of methods and their variants of airborne prospecting 
indicate, on one hand, their wide range of application, and on the other - 
that at the present development stage of geophysical investigations technique 
they are still far from perfect. It should be mentioned, that till the 60-s 
many airborne electro-prospecting methods and the pertinent apparatus were 
being developed on premise, that they will simultaneously resolve two 
problems of geophysical investigations: geophysical mapping and exploration of 
purely ore bodies (8, 42, 201, 209, 251). But in practice the effectivity of 
one or another method was evaluated, unfortunately, only by resolution of one 
of the indicated individual problems and not always objectively. 

Our problem is to throw some light on the main aspects of the airborne 
electric prospecting with the use of only the harmonic field. However to get 
the general idea of this method as a whole it would be expedient to analyse 
characteristics; of other methods also and of their exploration pessibilities. 
3. Brief discription of methods. 

In ground electric prospecting with the use of artificial electro- 
magnetic fields the emitters applied are of various types. The field is 
usually excited by means of a long wire grounded at the ends, coil or loep 
fed by alternate current, also by means of antenna of broadcasting radio- 
stations. In the first case the coupling of field source with earth is 
voltaic, in other - inductive. 

In airborne electric prospecting the emitters of electromagnetic field 
are the same as in surface électric prospecting. The field emitters could be 
fed dy harmonic and nen-harmonic currents. The more prevalent sre the 
generators of harmonic current, but the non-harmonic current generators may 
also be used, if current impulse, for instance, has a rectangular shape 


(31, 254, 263). 
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In distinction from those used in surface electric prospecting , field 
receivers in airborne electric prospecting, due to continuous notion of 
apparatus in the air, should not have voltsic coupling with the ground. 
Receivers of magnetic and electric fields could generally be bread-band. But 
most eften the receivers, specially of magnetic field, are tuned in to 
resonance on working frequency of the field emitter. In this case even with 
non-harmonic current of the emitter these methods may be used only for the 
study of a narrow spectrum of signals near some frequency of non-harmonic 


current source, 
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Fig. 2. 


Among the methods of the nearest zone the most popular is the induction 
method, in which as an emitter of harmonic electromagnetic field the application 
is of a multiturn framework, stretched above the fuselage of aircraft or set 
up in special outboard gondolas. In this case the receivers of magnetic field 
are the multiturn inductance coils with core or without, set up usually in 
the outboard gondola. 

Diagram showing the principle of airborne electric prespecting by 
induction method and the outside view ef the plane in air with the set up 
electroprospecting station is shown in Fig. 2. 

The primary magnetic field is built-up around the plane and in the 
ground with conductive are body by means of the generating frame. During the 
aircraft flight this field pierces the ore body and the ground, composed of 
rocks with similar or different from ore body conductivity, and builde up 
within them eddy currents. Intensity variation of these currents, recorded in 
flight along a profile, depends on the conductivity ratio of ere body and the 
adjacent beds, and the currents themselves build-up the so called secondary 
field of the same frequency as the primary. At the point of gendola's 
lecation the receivers ef magnetic field receive the resultant field, while the 
measuring instruments, set up en the plane, recerd parameters of signal from 
this field after its preliminary electric compensation. 

In relation to conductance of bodies, encountered within the working 
profile, there is variatien of the intensity and phase of the electric 
signal, induced in the receiver of field; this is marked as amemaly on 
record diagrams. 

The vector diagram, showing interdependence between the intensity 
vectors of primary Hl, secendary H., and resultant x, fields, is shown in 


Fig. 3. Here H - vector of active component, and Eo - vector of reactive 


2a 
component of the secondary field (direction of vector A is taken as the 


starting, i.e. the system of coordinates is determined by the current direction 


in the field'a source) 


Fig. 3. 

Conditions, in which eddy currents are build-up in conductive body 
under the effect of the exéiting primary magnetic field, depend largely on 
the interdependence between the field emitter and the deep-seated conductive 
body. Inas:much as the everwhelming majority of massive sulphide formations 
is usually vertically bedded (see para 1 of the present chapter), the optinun 
location plane of the loops of field sources is vertical. With this 
erientation of the primary field source the effect of flat-bedded conductive 
bodies, including rock products (begs lakes and surface deposits), is reduced 
to a nininun. 

Thus, the position of generating frames and field receivers can 


generally be various. However in practice orientation of the generating 


f 


frames is being often determined only by the type of utilized aircraft end 
the maximum area of the frame that it can provide (increasing magnetic ne 
The simplified structural diagram of two-frequencies apparatus for the 
eerial induction method is shown in Fig. 4. The exciter of the field is the 
rectangular primary frame 4, stretched between the center of airplane wing 
and stablizer. The frame consists of two sections, joined inte common band, 
Each section is fed from a corresponding competent amplifier 2, deriving 
excitation on working frequency of a double-frequency generator 1 with quartz 
crystal centrol. 
The receiving coils 6, tuned to resonance, and the preliminary (gondola) 
amplifier 7 are set up in gondola, which is towed by the plane on a wire 
cable abeut 150 m in length. .Signals of both frequencies, transmitted from 


the output of gondola amplifier along the cable, are fed to compensator 8. 


Compensating veltage from selection circuit of compensating signal 3 is also 
fed in here. By amplitude and phase adjustment of the compensating voltage 
compensation is attained of intensified electromotive force, induced in each 
receiving coil on working frequencies of the apparatus. At the euatput of 
compensator the signal of working frequency is separated and amplified by 
selective amplifier 9, after which it enters into phase indicator blocks 11 
and phase response voltmeter 13-15. 

The basic signal for the phase-indicator is the voltage of driving 
oscillator preliminarfly combined by means of phase-shifter 5 with signal phase 
at the output of the selective amplifier. Amplitude, phase and the compenent 
are recorded by registers 10, 12 and 16 respectively. 

The circuit of phase voltmeter is based on the circuit of synchronous 
detecter. With the reactive component recording of the measurable signal 
(after compensation) the supporting voltage, fed to signal, makes a phase-turn 
at 90° in relation to signal phase. In this type of circuit the output 
voltage is autematically compensated by servg mechanism 14 and 15. 

The apparatus is fed from the electric circuit of the aircraft by 
transforming the direct current into alternate. The airborne electric 
prospecting with airborne instruments is usually carried out at an altitude of 
150 m by parallel profiling. The length of each profile is 50-100 kn. 
Distance between profiles is determined by the acale of the geophysical 


survey. 


Depth of the airborne electric prospecting by induction method is 
determined by the following factors: a) working frequency, stop-down of 
which increases the depth (98, 251); b) distance between the source and 
receiver of the field, i.e. by the carrying about of the frames (with an 
increased within certain limits carrying the primary field considerably 
decreases, which produces an increased response of the instruments to anomalous 
variations of the field); c) vertical distance to conductive body; d) 
sensitivity of receiving and measuring instruments, etc. 

Increase in the actual response of devices, meant for work in conditions 
of considerable interferences of various origin, including these, specified 
by the method selected, is the most difficult problem. In certain systems, 
developed abread, the response of receiving and measuring devices is upte 
0.001-0.0015% of the primary field magnitude (263). This type of high 
response (several hundreds of times greater than that of sround devices) will 
permit lecalisation of fine conductive bodies. If the apparatus is 
practically without inertialess, which is quite possible with harmonically 
time-varying primary field, the aerial geophysical survey could be carryed out 
at aircraft speed upto 200-250 ka/hr. In this cage one of the decisive 
Pastore is the time, which enhances effectivity of airborne electric 
‘prospecting 100-200 times as compared to ground methods. 
| As an example of combined zene method, in which the primary field ia 
| padht~up by means of current in cable grounded at both ends, may serve the 
; BDK method (6, 30, 103, 216). In this method the measuring instruments are 
set up on the aircraft, and the generating jointly with cable - on the 
ground. Parameter measuring of the electromagnetic field of the cable is 
| carried out within an erea covered by the nermal work zone of measuring 
eopureeuss The nature ef the fiela is affected by the nedium, in which the 
cable field is distributed. By measuring field parameters fron the air, it is 


possible to study preperties of the medium, which composes the investigation 


area, i.e. to resolve the problem of airborne electric prospecting (75). 
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Typical nature of the field of infinite length cable is shown in 
Fig. 5, accefding to which the highest density of amplitude and phase 
isoplanes is evident nesr the cable; with the removal from ceble along the 
OX line, density of lines decreases. Therefore, the measuring range of the 
field's parameters along the OX line should be considerable and sheuld depend 
primarily on the distance to cable, on which the apparatus will function 
normally. In other directions (OY),(0Z) this relationship is weaker. 
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\a, UHF radio station; b, 100-150 MHz; c, UHF radio station; d, 2.3-3.2|MHz; 


le, Detector receiver and phase meter; f,’Radio transmitter for carrier|_ 
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Fig. 6. 


Block diagrm of apparatus, nsed in airborne electric prospecting by 
BDK method is shown in Fig. 6 (the ferrite coil and preliminary amplifier of 
the mobile group set are taken out into outboard gondola en connecting wire). 

The ground group with the generating apparatus is usually placed in 
the center of the survey area. To both sides of the ground group an 
insulated cable is laid out ever 10 km in length. The initial point of cable 
pieces is jeined to the input of power amplifier, and the ends are grounded 
by means of dowels at points A and B (see Fig. 6). To build up the electro- 
magnetic field, alternate harmonic current, produced by the generating 
apparatus, is put through the cable. Investigations of electromagnetic 
field. are. implemented by wkeans of measuring instruments of the mobile 
group. Fig. 7 shows helicopter MI-4, equipped with BDK devices. The flights 


are across the cable along parallel profiles (line OX, see Fig. 5). 


Pig. 7. 


Pewer of the ground group apparatus is supplied by the mobile power 
plant. For the study of amplitude-phase characteristics of the electro- 
magnetic field from the air, the apparatus is provided with a transmitter of 
key signal of ultrashert wave length range. The phase of the key signal 
emitted into the air, is controlled by phase-indicator, te which the signals are 
fed from the shunt, out-in sequentially to cable, and demodulated signal of 
working frequency from the output ef detector. For command communication 
the ground and mobile groups are previded with ultrashort wage length 
radiestations (in frequency band 100-150 megacycles per second). 

Apparatus of the mobile group provides fer the reception and demedulation 
of the key signal (by means of signal pickup), reception of the investigation 
electremagnetic field (by means of ferrite coil), as well as determination and 
recording of amplitude and phase of e.m.f., induced in the coil by the field 
(by means of measuring devices). 

During the flight the apparatus records "normal" field of the cable and 
its anomalies, which are intercerrelated at adjacent profiles. 

In airborne electric prospecting by remote zene methods, which atudy 
fields of broadcasting and special radic-stations, the use is made of ordinary 
or special radioreceivers-registerers of special appliances, assembled 
according: to the circuits ef devices for measuring amplitude-phase characteristics 
ef the field. Survey technique is not different from the above described, but 
the interpretation methods differ considerably (204, 221, 222). 

The problem of enhancing effectivity of airborne electric prospecting of 
the near zone with artificially excited harmonic fields is clesely related with 
the resolution of two main problems. The first consists in assuring sufficiently 
accurate measurements ef the very weak secondary fields intensity in the 
presence of artificially built-up primary fields, which in many cases have 
considerable intensity (sometimes exceeding many times the intensity of 


secondary fields). The second problem is to provide an effective safe-guard of 


Measuring instruments frem interferences, arising with random changes during the 
flight of the reciprecal pesition and orientation of the source and field 
detector. 

These problems are resolved by methods of airborne electric prospecting 
with non-harmeonic fields, i.e. by methods, which permit to divide in time 
the effects on detector of primary and secondary fields. This division is 
possible if the source of primary field: is energized by rectangular impulses 
(e.g. by direct current impulses) and the specifies are studied of the 
setting up precess ef electromagnetic field in-between the next impulses. 

The nature of thie setup is specified by the non-uniformity of sections at 
the point of determinations. In the practice of geophysical investigations 
this method is called the field set up method or the method ef transient 
processes (MPP)(31, 62, 263). 

The specific feature of the MPP is its multifrequency, as the 
rectangular current impulse shows itself as a sum of harmonic oscillations with 
various amplitudes and phases.* Nature determination of the field's setting 
up at different times after the moment, when exciter impulse ceases, pernits 
direct division ef obtained anomalies into these ef ore and rock products. 

The ore anomalies are characterised by a drawn out setting up 
process, the rock preduct anomalies - by its quick damping. Therefore 
Measurements made during the first moments after termination ef impulse, 
assume presence in the area mainly of rock preduct anomalies. Measurements 
taken later indicate the presence of purely ere ebjects or mineralized deposits. 

Thus the transient process method is one of the most promising. ‘The 


MPP apparatus is being developed in USSR, as well as abroad. Hewever, as 


*Resolution of a direct problem, i.e. calculations ef magnetic field, are 
carried out the most simply and expeditiously by spectral method, principle of 
which is the presentation of periedic sequence of rectangular impulses as 


Fourier series. 
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fome works indicate (75, 218, 254), develepment of different versions of 
the non-harmonic field methed enceunters considerable technical difficulties. 

Firstly, due to the presence in the wicinity of field source of 
considerable metallic mass of the aircraft it is difficult to assure in 
the generator frame stoop fronts of current impulses, specially ef the rear 
ones. Secondly, it is difficult to design field detector, which would in 
fact be inertialess. This is necessary even if only to prevent, in the 
presence of current impulse within the source of primary field, accummulatien 
in field detector of electromagnetic energy from this current {field). Thirdly, 
it is technically difficult to preduce measuring device, capable of assuring 
cut-in of field detector exactly at the termination moments of current 
impulses in the source and determination ef the initial setting up of 
excited field. 

In development of apparatus of foreign firms ("Input", "Selco", etc.) 
the principle used is the setting up of electromagnetic field. Thus, in the 
apparatus "Input" (1959) the application is of a large horizontal generator 
frame, set up above the aircraft, through which current is transmitted during 
1.5 msec. The detector of electromagnetic field is set up in the gondola 
horizontally and at a perpendi¢ular to the direction of the flight. The 
gondola is towed by a 150 m wire cable. The measurements are carried out 0; 
400 and 1200 msec after cessation of impulse. Since after the cessation of 
impulse eddy currents and the secondary electromagnetic fields, built-up by 
them, decay, the system actually investigates decay characteristics of 
electromagnetic field at different times at three points of reading.* It is 
ebvious, that with changing geometry of source-detector system there is ne 


methodical interference in this version of the near zone method. 


* The apparatus of "Input" system additionally records amplitude at the 
start of reading from two receiving frames — horizontal and vertical. 


It is possible to suggest other versions of the system, similer to that 
analyzed, but the technical difficulties in their implementation are quite 
considerable (61, 108, 254, 263). Therefore, there is still a lot that has 
to be done towarda the development of apparatus and interpretation technique 
of obtained results. 

With development and widespread use in aviation of methods for 
locating various objects, based on the reflection from them of electromagnetic 
energy Signalg there was an emergence of airborne electric prospecting by 
radiolocation (75,210). However, the technical realization of this method also 
faces considerable difficulties. First of all the requirement is of competent 
impulses, period of which does not exceed fractions of microsecond. This is 
explained by the fact, that the period of impulse should be sherter than its 
travel time from the energy emitter to object and from the object to locator, 
as the operation of device is based on utilizing radio-echo. The reflected 
signal should not return before the radiation of probing impulse will 
terminate. The propagation velocity of radio-waves is high, therefore with 
possible competence and existing designa of receiving and measuring devices, 
when the altitude of survey cannot be considerable, and the objects are 
comparatively close, the emission time of signal should comprise an 
extremely emell fraction of a second, i.e. the apparatus has to be/high 
frequency. 

The use of radio-location method is also hampered by high absorbtion of 
high frequency electromagnetic oscillations energy by rocks, as a result of 
which level of the useful reflected signal, i.e. the energy level of 
electromagnetic, wave, reflected from conductive body, is found to be too low. 
it is assumed, thet this can be avoided by stacking of useful signals. 
Therefore, the stacking of reflected (secondary) signals or division of 
probing and reflected signals according to the phase: iprovites: a possibility 


of detecting and recording of locally bedded conductive bodies (46, % 0°. Laas 


75, 210). This assumes, that the objects of geophysical investigations are 
stationary and, thus, all the prerequisites for the realisation of the 
method are present during a flight. 

For the airborne electric prospecting it is possible to utilize the 
event of self- and reciprocal induction between the oscillating circuit and 
the conductive body. In this case the cscillating circuit could function 
simultaneously as the low frequency source of the primary magnetic field 
(for an assured magnetic coupling with the object) and the pickup, in which 
e.m.f. of self- or reciprocal induction. The efficiency of this method 
is determined by the ebgained parameter stability of is) ecctiietius 
‘circuit ,.:. 7° and of the measuring device, as well as by the extent of 
compensation in measuring circuit of primary voltage on the escillating 
circuit. Since in this case there are no changes in geometry of seurce - 
field detector system {no methodical interference), it is quite pessible to 
attain, without any considerable difficulties, a high degree of compensation, 
at the subtraction factor (see para 3, chapt. II) comprises 107? - 1076, 
Moreover, there is an actual possibility of measuring both the e.n.f. of 
self-induction and e.m.f. of reciprocal induction. In addition it is 
possible to measure variations, under the effect of conductive bodies, of 


total {active and renotive) resistance of oscillating circuit er its 


naturel reseamnce frequency and its Q-factor (234). 


7 
*The experience of manufacturing low-frequency escillating circuits shows, 
that the stability of their parameters in time and with temperature variations 


of the surrounding medium could be very high, if special care is taken for 


thermo-stabilization and compensation ef the circuit's components. 
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During the last few years in USSR and abroad the application has 
become wide-spread ef methods, based on the utilization of natural 
electromagnetic fields (106, 169, 234, 269). Their development and 
practical application are of considerable interest for geophysical investiga 
tions, since this eliminates the presence in the set of instruments of quite 
bulky and inefficient in respect of cenergy generating devices. In this case 
the weight and overall sine of apparatus becomes considerably reduced, 
which makes its production and operation cost less, and the output higher. 

The origin of natural electromagnetic fields is not yet fully 
known. However it is possible to assert, that the main source of these 
fields is the lightening discharge (109, 156, 195). Since these, as a rule, 
originate at a great distance from the place of operations, it is possible 
to assume, that these sources of primary field are practically at ‘in en 
infinitely remote distance. In this case the intensity of electromagnetic 
field is considerable even at a distance of several thousands kilometers 
from the center of thunder-storn (173, 195), i.e. source competency of 
natural electromagnetic field is immeasurably higher than that of powerful 
radio-stations. Due to considerable signal level of natural electromagnetic 
fields, the depth of investigations appreciably increases, geometry 
disruption of seurce-detector system does net affect the results, also there 
are other edvantages, impertant for electric prespecting. 

The nature of the lightening field is impulsive, and not steady 
harmonic; the frequency spectrum, in which the main part of energy is 
“eoncentrated, comprises 60 cycles - 30 kile cycles per second (270). 
Investigations show, that at a distance of ever 5000 km from the source the 
maximum amplitude of the signal is evident on frequencies 60-70 net GD): 


Hartz 
The intensity ef electromagnetic field within the frequency band 10-100 /o5 


comprises approximately 107? afm, and within the band of over 100 cps - 
from 107° to 107? o/m. 

It is a well known fact, that electromagnetic energy, released during 
thunder storms, expands along a spherical wave-guide, limited by Earth 
surface and the base of ionosphere. With travelling along the uniform 
surface, the vertical component of the magnetic field attenuates considerably 
faster than the horizontal. As a result with great distance from the energy 
source (thousands of kilometers) the variable magnetic field, if its 
propagation is above a uniform and isotropic medium, becomes horizontaly 
polarized. Thus, in area of geophysical survey the operations are usually with 
practically plane wave, having only the horizontal magnetic component (268, 270) 
If along the travel path of this type of wave there is a geoelectric anomaly, 
i.e. a body of electroconductibility, different from that of surrounding 
medium, reflection of the wave will cause the appearance of the vertical 
compenent of magnetic field. In this case it may be assumed, that the dip 
of pelarization plane will depend on the conductivity of those sectiens 
of earth's surface, above the measurements are being conducted. Thus, from 
the nature of variations of the vertical cemponent of natural electre- 
magnetic field of Earth it is pessible to judge the electric anomalies and 
to define areas, promising for exploration of useful minerals. 

There are several versions of airborne electric prospecting using 
natural electromagnetics field. Ope of these is based on measuring absolute 
values of the field's characteristics. However due to the fact, that the 
intensity of electromagnetic field at any point ef apace could increase 
during a short period some tens of times (upte 40 db), practical applicatien 
of this method is difficult. Taking this into account, the measuring is of 


those parameters of electromagnetic field, which are very little affected by 


short-period, diurnal and annuel variations, yet at the same time are 
extremely variable with the presence in the grea of conductive bodies. 

It may be assumed, that with sufficient averaging the total eleetro- 
magnetic field, i.e. in the presence of conductive body, has a certain 
elliptic polarization. In this connection, the parameters, which are not 
dependent on the intensity of primary field,will be the following: amali 
axis ratio of the elliptically polarized field to big axis, dip of the big 
axis and the inclination of polarization plane towards the horizon, also 
the semiaxis ratio of ellipseid projection onto vertical plane and the angle 
of gradient of the big semiaxis of ellipsoid's projection towards the 
horizon (106). 

In Canada development has been accomplished of the AFMAG apparatus, 
which serves for measuring the angle of gradient of the natural electro- 
magnetic field polarization plane (aircraft version) (169, 269). The 
shortcoming of this method is a rather low intensity of the natural field. 
Moreover it is subject to seasonal and diurnal variations. The use of this 
apparatus is northern latitudes from 30 to 60 is only possible during 
summer (June-August and partially in September) for 5-5 hrs. Obviously with 
the presence in the area of lightening discharges the AFMAG method is 
inapplicable. 

One of the AGMAG modifications provides for the location of detector 
in the outboard gondola, tewed by wire-cable at a distance of 60-90 m from 
the plane. The angle of eradient in polarization plane is measured on 
frequencies of 90 and 340 af > by wean ef two reciprocally perpendicular 
receiving frames, the planes of which are at an angle of 45° to direction 


of flight (169, 263). With a uniform and isotropic medium the signals, 


taken off from the two frames, are equal, since the polarization plane is 
horizontal. But if the medium is non-uniform, the polarization plane has 
a definite angle of gradient towards the horizon, therefore the signals 
in the frames are not equivalent. The measureable difference of signals 
in this frames is compared and interpreted in conversion to angles of 
gradient. Hatio of low and high amplitude signals is used for comparing 
conductivity of anomalous objects. The direction of flight is across the 
strike of regional geological structures. Besides the plane version there 
is also a helicopter version of AFMAG. In this model the working frequencies 
are 150 and 590 ‘Hartz. 

The apparatus for measuring the tzne polarization ellipsoid is 
rather complex. Therefore it seems more expedient to develop. apparatus 
for measuring projection parameters of ellipsoid onto vertical plane. In 
this case the ratio of semiaxis and the angle of gradient of the big axis 
to horizon ean be measured even by means of two reciprocalhy perpendicular 
detectors, located in vertical plane. The work in this direction has only 
just begun. Institute of automatics and electromstry of the Academy of 
Sciences of USSR developed apparatus of LFM-3 type (aoana version), memt 
for measuring the above indicated parameters, and also phase-shifting between 
signals, excited by total field {natural Earth field and geoelectrical 
anomaly field) in vertical and horizontal detectors (106). . 

It is presumed, that the apparatus LFM-3, set up on helicopter MI-4 


or plane of the AN-2 type, will be used for the aerial version of the 


anelyzed method for geophysical prespecting. To reduce the vibrations 

and the energy noise of the aircraft, the field detectors and some other part 
elements of the apparatus will be placed in the outbeard gondola. The 
measurable parameters will be the amplitude ratio of signals, induced in 
two reciprocally perpendicular field detectors, angle ef gradient of the 
polarization plane and the voltage phase-shift at the output detectors 
with their position fixed in respect of the flight direction. The main 
specifications of the “istomé version of LFM-3 are similar to these of 
ground apparatus: working frequencies 80; 160; 240; .480; and 960 Hartz; 
measuring limits of polarization plane angle of gradient z 45°; neasuring 
limits of phase-shift between signals in vertical and horizontal franes zs 
20°; amplitude values of measurable fields 1074 - 107’ a/m. The apparatus 
is implemented on semiconducting elements. 

The block-diagram of the airborne version of LFM-3 apparatus is shown 
in Pig. 8. The block of input elements consists of two reciprocality 
perpendicular frames I-II (vertical and horizontal) with ferrite coils, 
elements of frame tuning. into resonancse for five fixed frequencies 1-1' 
and two preliminary amplifiers 2-2'. Signals, transmitted along the cable, 
are fed into measuring block, containing selective 3-3' and widehand 4—4' 
amplifiers, ratie-measuring device 5 and phase-indicator 6. Parameter 
reading may be implemented by measuring devices G (or registrators), cut-in 
to outputs of the ratio-measure and phase-indicator. The reciprocal 


perpendicularity set up of the frames is controlled by angle gauge 7. 
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CHAPTER II. 


METHODS OF AIRBORNE BLECTRIC PROSPECTING, WHICH USE 
HARMONIC ELECTROMAGNETIC FIfgb. 


1. The nearest zone method (airborne electric prospecting by 
induction method). 
The nearest zone method is based on studying the effect of currents, 


induced in ore bodies or in any other conductive bodies occurring within the 
top layers of the earth crust, on the primary electromagnetic field, 

generated artificially by alternate harmonic current of the oscillating frame, 
fixed on the aircraft or in the outboard gondola. This effect is defined 

by the varying magnitude and direction of the resultant field vector, i.e. 

by the field's anomalies (70, 263). The defined anomalies make it possible 

to resolve the inverse geophysical problem: the position of the geological 
objects, ceusing these anomalies, is identified and their qualitative 
appraisal ia then carried out. 

In airborne electric prospecting the direct carriers of information 
regarding the analysis of the electromagnetic field are the electro-motive 
forces, induced in detectors. Usually they are the multiturn induction 
coils with ferromagnetic cores or without them (see chapt. VII). When 
investigations are conducted by the nearest zone method, these detectors 
are set up mostly in the outboard gondola, occasionally directly on the 
aircraft (263). 

The main problem of the measuring-recording instruments is to separate 
from signals, information connected with the secondary field, induced in 
field detectors, and to eliminate the effect of the primary field signal 
on the indications of these instruments. 

At present there are many versions of the nearest zone method. They 
differ in the geometry of the source-detector system, method of electric 


compensation, the number of used aircraft, etc. According to the latter, 


all versions of the method are divided into two large groups. The first 

group unifies versions concerned with the use of only one aircraft (plane or 
helicopter). The second group includes those requiring two aircrafts: one 

for the source, and one for the field detector. 

Another distinguishing feature of the different versions of the nearest 
zone method is the npmber of magnetic field detectors, their disposition and 
orientation in respect of the field's source, and also the use of detectors 
in determination of the output values. 

Versions of the first group: 1) the field's source is directly on 
the plane, and the detector in the outboard gondola, towed by wire-cable 
(21, 63, 103, 117, 123, 263): one plane with the use of rotating magnetic field 
(VMP) end outboard gondola for disposition of field detectors (117, 234); 3) 
the source and the detector are firmly fixed on the aircraft relatively close 
to each other (28, 263); 4) the source and the detector are firmly fixed in 
the outboard gondola of large size (117, 263, 264); 5) the receiving frame 
is coplanar or reciprocally perpendicular in the center of the 
oscillating frame (117), etc. 

Versions of the second group: 1) circular rotating magnetic field 
(234); 2) linear polarization field (236, 237). 

The block diagram of the apparatus, shown in Fig. 93, corresponds to 
the majority of versions in the first group. The exciter of the field is the 
oscillating frame [> P, fed through its block of tuning to resonance 6 H by 
power amplifier YM, which is excited on the working frequency from the 
master oscillator with quartz crystal control of frequency K3Pp. The 
signal of working frequency, received by tuned to resonance field detector f] p 
and amplified by the preliminary amplifier]] y, is fed into the block of 


electric compensation  K. The compensating voltage Ue obtained either fron 
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f # block or from Kis also fed in the same block. By adjusting the 
amplitude and the phase of voltage UL the necessary compensation of the 
signal, excited in the field detector by primary or resultant field is 
obtained. 

From the output of the compensator the signal is fed into seledtive 
amplifier4Y, in which the outside noises are suppressed. From the output 


of 4 Y the signal is fed into circuits of measuring moduluaH{M, phase UP 


Fig. 10. 


and component MK. For phase-response ins rumen ta; the key signal LP 
is the output voltage K3(@>, previously combined by phase inverter 
PB with current phase in the oscillating frame. The recording devices are 

cut into meter outputs. The energy source of the apparatus is the power 
supply system of the plane, fed through blocks h/1, and IT, 

The block diagram of the apparatus for single-plane version of VMP 
is shown in Fig. 10. The reciprocally perpendicular oscillating frames [P 
are fed from power amplifiers ™, and ™,, which are excited by master 
oscillator K3f\ D, and the exciting voltage to one of the power amplifiers, 
for instance YM,» is fed with phase-shift at 90°, implemented in phase- 
inverter B,- In this way the feed of the oscillating frames by currents 
with phase-shift at 90° is attained. The reciprocally perpendicular 
receiving franes J] P, tuned into resonance, are out into preliminary 
amplifiers}IY, and J] Yo» the output signals of whichare fed into 
the subtraction circuit CB. One of the output signels, for instance the 
signal of amplifier [] Ye passes first through phase-inverter @B.,, where it 
acquires the go° phase-shift. The signal of imbalance from the output of 
the subtraction circuit is fed to the selective amplifier Y, and then to 
phase-response voltmeters P4B, and@ 4B, which measure the active and 
reactive component of this signal. The key signal Uon is the voltage of 
the master oscillator. 

The block diagram of the oscillating group in the apparatus of a two- 
plane version of VMP is practically undistinguishable from that in Fig. 10. 
But thegroup of measuring instruments could be modified in various ways, 
depending on the measurable parameters of the imbalance signal. The 
supporting voltage for phase-responee meters is the voltage of one of the 


measuring channels, for instance, the output voltage of amplifier J] Y- 


In some modifications of a two-plane pattern of VMP, the application is 

of a ratio circuit, instead of subtracting circuit, and the quantities 
Measured are the imbalance of the circuit and the phase-shift between the 
signals taken (234, 236). In the instruments of the version with linealy 
polarized field, the oscillating portion is plotted according to the block 
diagram of one of the channels in the VMP apparatus, meant for the excitation 
of horizontal or vertical oscillating frame. The measuring part of the version 
under analysis and the WMP are similar, except for the orientation of the 
reciprocally perpendicular receiving frames. 

The use of the outboard gondola in individual versions of the nearest 
zoné aerial method causes some difficulties. These difficulties are most 
clearly evident in conditions of undulating relief and windy weather: the 
results are effected by the interferences caused by the variations of primary 
field signal generated due to the vibrations of the gondola (technical 
interferences). The vibrations of the gondola ere intensified by windy 
weather and in conditions which contribute to the formation of air pockets. 
The latter circumstance is of importance to aerial electro-prospecting, as 
the useful signal cannot sometimes be measured on account of the magnitude 
of this type of interference (see para 6, Chapter IX). 

To eliminate this deficiency, versions were worked out(for plane and 
helicopter), with the exclusion of the outboard gondola. In this case the 
receiving frames are placed directly on the aircraft in a firmly fixed 
streamlined unit. The rational disposition of the oscillating and receiving 
frames on the plane or helicopter assures considerable reduction in the 
noise caused by changes in the geometry of the system of vibrations. The 
minor depth of prospecting is compensated to some extent by the high 
response of the apparatus, the low altitude of the flight and the high 


pobility of the aircraft. These versions have also other positive qualities 


and are, therefore, quite promising for carrying out large-scale (detailed) 
survey (63, 117). 

Let us examine briefly the main versions of the apparatus for the 
aerial method of the nearest zone and its salient characteristics: 

1. Versions in which the field detector is located in the outboard 
gondola, towed. by aircraft by means of wire cable from 20 to 100-150 m in 
length. In this case the perception is of the vertical or the horizontal 
component of the primary field* and the recording is of its variations, caused 
by the secondary field effect; the drift angle of the gondola is 45-90°, 

The same pattern was used for the national devices of AERIC and AERI-2 type 
(21, 102, 117, 123), in which the drift angle of the gondola does not 
exceed 65°. 

In the plane or helicopter version, when the drift angle of the gondola 
is 90°, the source and field detector are "firmly" fixed on one aircraft (28). 

2. "Canddini"(plane) version, when the field detector, sensing 
horizontal component of the primary field, is located in the gondola with 
drift angle 45°. According to the testimonials of foreign firms, this version: 
is more successful than any of the preceding ones (63). 

3. Helicopter version, when the oscillating and receiving frames are 
located on the same vertical line, i.e., the drift angle of the gondola is 
approximately zero. This version is applied with a comparatively low speed 


of horizontal flight. 


* By the vertical component of the primary field is meant the component in 
the direction of the magnetic moment of oscillating dipole, vertically 
oriented (horizontal oscillating frame), and by the horizontal component - the 


component perpenditular to the vertical and located in the plane of flight. 


4. Veraion without a8 outboard gondola with source and field detector 
located at opposite ends of the plane's wings, i.e. ata comparatively short 
distance (28, 235), and other similar versions (233, 262, 263, 265), for 
instance, the helicopter version of "Canadian Aero Sikorsky Helicopter" (263). 
In this modification the range of frames has been increased in order to 
enhance the depth of investigations. With this aim the big oscillating 
frame, placed perpendicularly to the direction of the flight, and the 
receiving frame, which measures the vertical component of the field, were set 
up on special brackets in the nose and tail respectively, of "Sikorsky-55" 
helicopter (Fig. 11). The distance between frames covered 18 m. The 
devices measured active and reactive components of the signal, excited by 


the vertical component of the primary field on frequency of 390 cps. 
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Fig. ll. 

Notable among the plane versions is the "Canadian Aero Otter" (263), 
mounted on a hydroplane "Otter" (Fig. 12). This apparatus measures active 
and reactive componsntas of the vertical or horizontal constituent of the 
field on frequency 320 cps. The oscillating and receiving frames are set up 


on the ends of wings; the distance between them is 18.6 m. 
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Another example of the apparatue for the plane version of the 


induction method in the first group with a rigid position of the source 


and the field detector is the Mullard apparatus (28), a block diagram of 


which is shown in Fig. 13. 
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The primary electromagnetic field is generated by the current in 
oscillating frame 13, set up in the same way as the detector of the magneticx£x 
field (receiving frame) 1, at the ends of plane wings. The frame is fed 
by an alternate current of working frequency from the oscillator 12. Cut 
into the circuit of this frame is a small frame 14 of compensating and key 
signals, from which voltage is taken for compensation of e.m.f., induced 
in the magnetic field detector 1 by the oscillating frame field. The setting 
of the required amplitude and of the initial phase of compensating voltage 
is implemented by the balance circuit 18, consisting of an attenuator and 
a phase-inverter. The signal is compensated during a flight at high 
altitude, which excludes the effect of any ground conductors. Therefore, 
the decompensation signal at the output of the field detector, which appears 
during the flight at normal altitude, is taken in this apparatus as useful 
(anomalous). 

The anomalous signal enters, through preliminary amplifier 2, band 
filter 9 and linear amplifier 10, into inputs of phase-response detectors 
(PUM) 11. the output voltages of PY Jlare proportional, respectively, to the 
active and reactive components of the anomalous signal, being in phase 
and quadrature with the current in the osciilating frame. To ensure for 
this condition the supporting voltage, frame 14 taken off through fb Eter 15 
is fed into one of the phase-response detectors through phase- 
shifting circuit 16 and amplifier 17 and into the other - only through 
amplifier. 

The output signals of the phase-response detectors pass through 
integrating circuits 6, coordination hookups 7 and are then fed to 
amplifiers 8 of the eight-channel recorder, one channel of which is used for 
recording noises. With this aim the signal from the output of preliminary 
amplifier 2 is fed into detector 5 through band filter 3 and linear amplifier 


4. Then, similarly, with the preceding registration patterns (blocks 6-8), 


the signal enters the recorder. The other channels are used for recording 
Magnetometer, accelerometer or radiometer data, time-breaks and 
orienting-points. 

The apparatus operates on frequency 320 cps. The recording of 
atmospherics is done on frequency 268 cps. To separate weak anomalies, 
adjustment of the frequency pass band (integrator 6) is provided. 

5. One-plane version of a circular rotating magnetic field. This type 
of magnetic field is generated by aircraft located on two reciprocally 
perpendicular oscillating frames 1 (point 0), in which the currents are 
phase-shifted at 90°. Two receiving reciprocally perpendicular frames 2, 
the planes of which are parallel to the planes of the oscillating frames, 
are located in the outboard gondola (point P), towed by wire-cable (Fig.14). 
The signal, sensed by one of the receiving frames, turned in phase at go° 
and is subtracted from the signal, sensed by the second receiving frame. 
In this way the reciprocal compensation of signals, excited in both the 
receiving frames by the primary field is attained. Inasmuch as the 
anomalous effects along the vertical and horizontal constituents of the 
secondary field differ substantially (8, 117, 200), the reciprocal 
compensation, with the presence in the flight area of conductive objects, 
is broken off. The measurements of the difference of signals, excited 
by the primary field, and also of the phase-shifts between them are 


taken. 


Fig. 14. 


This version of the aerial induction method was developed by the 
Swedish firm "Bolindens Gruv. A.»." (267). Distortions of the circular 
field, caused by the metal parts of the plane or by its body, are eliminated 
by adjustment of the angle between the planes of oscillating frames and the 
control of the current phase in one of them. The reciprocal compensation 
of direct.signals, induced in receiving frames by the primary field, is 
effected by subtraction from the signal, sensed by the vertical frame, of 
the signal: perceived by the horizontal frame signal phase is preliminarily 
shifted by 90°). The workimg frequency is 3600 cps. The apparatus 
measures and records the active and the reactive components of the signal, 
induced in receiving frames by the resultant field. 

The block diagram of one of the modifications of the rotating magnetic 
field patterns, developed in Sweden, is shown in Fig. 15 (211). The 
oscillating device santains, tue similar reciprocally perpendicular 
oscillating tcuiea 2 and 3, energized from oscillator 1, through devices 4 and 
5, which provide the current-shift in frames 2, 3 by 90° and control the 
intensity of these currents. The receiving unit has frames 6 and 7, one 


of which is horizontel and the other vertical. The pivotal axis yy in the 
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Pig. 15. 


system of oscillating and receiving framea should coincide as precisely as 
possible. Both frames of the receiving unit are out into phase-inverters 
10 and 11 through preliminary amplifiers 8 and 9. The phase-inverters 

shift voltages, induced in these frames, by 90°. ‘The difference of voltages 
(block 12) and their phase-shift (block 13) in their initial state (after 
blocks 10 and 11) should be equal to zero. To outputs of blocks 12 and 13 
are cut in devices for recording the amplitude and the phase-shift with 

the appearance of the secondary field from a conductive object. The higher 
anomalous signal will be induced in vertical frame 6, in the horizontal it 
slightly varies; therefore, the intensity of voltage at the output of 

this frame may serve as a measure of the normal field. Indicator 14 records 
the amplitude of voltage at the output of frame 7, and since it varies in 
inverse proportion to the cube of the distance between the oscillating and 
receiving frames, it is used for distance-determination tetween then. 
Receiving frames and preliminary amplifiers are placed in the outboard 
gondola, towed by the plane. The altitude of flight ia 120 m. The length: 
of the wire cable is 50 or 150 m. The working frequency is 880 eps. 

The compensation stability of the direct signal with the varying 
geometry of the system in this version is not very high, whereas the 
apparatus is quite complex. Therefore, it never beceme popular and was 
eventually transformed into a two-plane version. 

6. Versions with combined oscillating and receiving frames are meant 
for large-scale. Surveys on a previously investigated area. The small 
space between the frames decreases the depth of investigations. However, 
their mobility is high, flight altitude comparatively low and the applied 
apparatus gives a higher response, which to some extent compensates for the 


reduced depth. 


The “A¢romagnetic Survey Ltd." have developed an apparatus in which 
the oscillating and receiving frames are located in one large gondola, 
transported by helicopter (258). The frames ine laced perpendicularly 
to the axis of the gondola; the distance between them is about 9m. The 
diameter of the frames is approximately 0.6 m. The working frequency is 
4000 cps. With some modification of the apparatus (two vertical receiving 
frames were located on the same axis with the horizontal oscillating 
frame on both its external sides) a sufficiently high and more reliable 
compensation of the direct signal was attained. 

The "American Metals Helicopter Co." (263) has developed an apparatus 
fitted on helicopter "Bell." The oscillating and receiving frames are in 
the gondola. The apparatus measures the active and the reactive constituents 
of imbalance signal on frequency 1000 cps (two different frequencies may also 
be used). The aris of the frames is common and their planes are reciprocally 
perpendicular. 

In the Soviet Union these versions of the nearest zone aeromethod 
were not developed. 

7. Helicopter version, when two field detectors, meant for the 
reception of the vertical or horizontal constituent of the field, are placed 
into the outboard pondeis of large dimensions on both sides of the 
horizontal oscillating frame also placed there. The source and field 


detectors are firmly fixed one with the other (63). Plane and helicopter 


Fig. 16. 
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versions have also been developed; in these the receiving frame is placed 
either coplanar or reciprocally perpendicular in the center of the primary 
(oscillating) frame (117, 263 and others). 

Versions of the circular rotating magnetic field and linearly polarized 
field belong, as has been pointed out, to the second group, which uses two 
aircrafts. Let us briefly analyse these versions. 

1. The version of the circular rotating magnetic field is implemented 
by means of two planes, flying one behind the other in the same direction 
at a distances of 100-300 m. On one of the planes are set up the 
oscillating frames, similar to those in the one-plane version, and on the other, 
in outboard gondola - two reciporcally perpendicular receiving frames, the 
planes, of which are parallel. to > those of the oscillating frames (Fig. 16). 

With equal amplitude of magnetic moments of the oscillating frames, 
the resultant vector of the primary magnetic field at points, lying on the 
flight axis of the plane carrying the oscillating frames, revolves around 
this axis within a plane perpendicular to the axis, with angular velocity 
equal to angular frequency of the exciter current. In other words, the 
field at these points is polarized in a circle. The outboard gondola with 
the receiving frames, transported by the second plane with the wire cable 
20-30 m in length, should be on the flight axis of the first plane.* It is 
obvious that, with a uniform external medium, the inducement in receiving 
frames will be of alternate voltage Ue and Ue multiple values of which a. 


and .. are equal in modulus, but differ in amplitude by 0°. Therefore, 


* From the navigational point of view it would be more convenient if the 
plane with the measuring apparatus and the outboard gondola would fly first, 
i.e. be the leading one, and the plane with the oscillating devices - second 


(following) (211). 
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if one of these voltages is turned into the corresponding direction by 90° 


and subtracted from the other, the resultant signal will be equel to sero. 

The appearance near the given set up of conductive body will disrupt 
the attained balance. In this case the apparatus will be measuring 
parameters of imbalance signal AU - UL - wv, Jits amplitude, phase, active and 
reactive components)/260, 265/. It is also possible to measure difference 
U,- U, or u/0, ratio of the virtual values of these voltages and phase- 
shift between them. 

The most significant advantages of this version:- sufficiently atable 
compensation of the primary field signal, which is theoretically not upset 
with distance variation between frames, and also the high spread of frames, 
possible within the range of 200-400 m, permitting increase in the tangible 
response and depth of the method. Therefore this version of the near-zone 
aeromethod is referred as the most effective /117, 211, 234/. Its main 
shortcomings:/ simultaneous use of two planes in conditions of complicated 
navigation and the difficulty of setting up in practical conditions an exactly 
circular rotating magnetic field. 

Ip 1959-1961, the All Union Scientific Research Inatitute of Methods 
and Technique of Prospecting (VITR) made and tested three sets of apparatus 
for the rotating magnetic field (working frequencies of apparatus — 2450, 1225 
and 612.5 cps). The first was meant for plane LI-2, the sedond and third - 
for planes AN-2 /250, 234/. 

The block diagram of generating devices in the two-plane version of 
the-rotating magnetic field is practically the same as the diagram of the 
one-plane version. But the instrument, meant for measuring the intensity 
parameters of imbalance U, could be made in various modifications, depending 
on which parameters of imbalance signal it is required to neasure amplitude, 
phase or components /231/. Fig. 17 a shows outside view of the 


generating assembly of the RMF (retating magnetic field) apparatus, and 


Fig. 17 - b of the measuring assembly. 

However, considering that in the two-plane version of RMF it is 
difficult to maintain the co-axial alignment of the source and field 
detector, it was suggested that the double rotating magnetic field (pRMF) /227/ 
be used. 

The substance of the DRMF version consists of the following. Currents 
of two frequencies - the working and the auxiliary are passed through 
oscillating frames. The second frequency should be considerably lower than 
the first as, with sufficiently low frequencies, anomalous effects are hardly 
present in the induction methods of aerial electric prospecting /99/. 
Currents of various frequencies may energize also discrete frames, which 
should be firmly interconnected. In this way, there is a build-up of two 
rotating magnetic fields, having identical configuration in non-conductive 
medium. These fields are generated in two receiving fzanmes of two 
frequencies e.m.f. The intensities of working frequency, obtained from two 
reciprocally perpendicular receiving frames, similar to frames of the RMP 
version, are reciprocally subtracted after division by frequency filters and 
phase-shift in one of them at 90°, and the residual intensity is 
rectified (this applies also to the intensity of auxiliary frequency). For 
receiving fields of various frequencies, it is possible to use also 
different frames, tuned in resonance at working frequencies, provided there 
is a rigid connection between then. In this case the dividing frequency 
filters are not required. 

By fixing a definite ratio between the intensities of exciting 
currents of the working and auxiliary frequencies in oscillating frames 
and adjustment of the receiving unit's response on the working and eigriacty 
frequencies, an equal intensity of rectified voltages in channels of both 


the frequencies is attained. Apparently, this equality is not upset at any 


Fig. 17. 


point of space, if the fields of the working and auxiliary frequencies have 
identical configuaration. The rectified voltages are fed to the device meant 
for measuring out put. Thus, false anomalies, connected with reciprocal 
position-variation of oscillating and receiving frames, are eliminated in 

the non-conductive body. 

Ore and other conductive bodies generate an anomalous field on the 
working frequency, and not at all on sufficiently low auxiliary frequency. 
This considerably simplifies separation of anomalies from ore bodies, when the 
false anomalies, are eliminated due to disruption of coaxial position of the 


source and field detectors. 


ae) ae 


Thus, the essential thing seems to be the application of two rotating 
fields, radiated by common emitter or two firmly joined emitters, and a 
common field detector or two firmly joined detectors, placed on the axis of 
the rotating fields and insensitive to fields with circuler polarization, to 
shifting of the field detector relatively to the source along the axis of the 
rotating fields and to the slowing of the field detector around this aris. 
Response to objects with higher conductivity could be intensified due to the 
increased response of measuring apparatus, since the unstable position and 
inaccuracy of orientation of the field detectors practically do not 
contribute to the appearance of false anomalies. 

However, it should be mentioned that the apparatus of DRMF method is 
quite complex and expensive in making and use. 

2. The version of the linearly polarized field was tested in 1962 
by the All Union Scientific Research Institute of Technique and Methods. 

The apparatus for this version is based on that for the rotating magnetic 
field /236, 237/. One plane carries horizontal oscillating frame, and the 
other an outboard gondola with two receiving frames. The perpendiculars of the 
frames are located in the flight plane YOZ and inclined at an angle of 45° 


to vertical line, i.e., axis 0Z (Fig. 18). The receiving frames are 
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relatively oscillating, s0 that their center would be on the flight aris of 
the first plane. The block diagram of the apparatus is shown in Fig. 19. 

The significant difference between thisvwersion and that of the 
rotating magnetic field is that this one has only oscillating frame and 
there is no necessity of generating the rotating magnetic field. The 
generating portion of the apparatus for the lineally polarized field could 
be constructed from the block diagram of one of the channels in the apparatus 
of the rotating magnetic field. For instance, it is possible to use one 
channel of the generating unit and the oscillating horizontal frame with 
vertical frame out-off. But the measuring devices of this version are 
similar to those of the rotating magnetic field. The measuring is of the 
seme difference of signals excited in the field detectors of the oscillating 
frame and of the phase-angle between these signals. The field detectors 
remain the same, but their orientation in space relating to the oscillating 
frame and the vertical line (in the outboard gondola) varies. 

In measuring voltage ratio in measuring devices of rotating magnetic 
field version the cut-in, instead of subtracting device, if the hookpp for 
measuring amplitude ratio of siga~als, i.e. the measurements are taken of the 


so called amplitude parameter A /231, 234/. 
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If the receiving frames are placed as shown in Fig. 18, and the 
geometry of the system is not upset, then with linear polarization of the 
primary field and absence of the secondary one it is possible to assume 
that e.m.f. in both the frames are excited by the vertical constituent of the 
primary field H, = Hoi therefore, they are equivalent in value and have no 
phase-shift. 

Theoretical calculations and tests have shown that this version has 
considerably greater technical error than the version of the rotating 
magnetic field. However the generator portion of this version is much simpler 
than in the above. The smallest technical error will be in the wersion 
with the vertical oscillating frame (horizontal dipole). 

Thus, it follows that the two-plane versions of near-zone method 
are effective in respect of the eptimum space selection between the source and 
the field detector. In a number of cases their application is complicated 
by the necessity for a simultaneous piloting of two planes with an exactly 
fixed position of one in relation to the other; moreover, in these cases 
the cost of the geophysical survey increases considerably. 

2. The combined zone method. 

The first information regarding the aerial electric prospecting in 
the combined zone (BDK method:. or method of infinitely long cable) was the 
advertising communication of Lundbarg in 1955 / 257/. The result of this 
communication was that for the search of useful minerals a method was applied, 
based on the atudy of electromagnetic field of the alternate current, 
flowing along a straight cable, grounded at both ends. The principle of this 
method consists of the following /158/. Two cables, 30 km in length, are 
laid on the ground and alternate current of 400 and 1000 cps frequency is 


passed through this cable from the ground generating group. The receiving- 


Measuring two-frequency apparatus of the mobile group is placed on the plane. 
Field parameters of the cable are measured simultaneously on two 

frequencies with the plane flying across the cable lying on the ground. 
Later on there was a communication, from the "Bolindens Gruv. A.3." Co. of 
Sweden and from other companies /6, 256, 267/ about the apparatus for the 
method of infinitely long cable. 

In the USSR, the development of the infinitely long cable method and 
its apparatus began in 1955 /102, 103, 216, 218/. The first succesaful 
tests were conducted, in 1957, in the Maidan-Vilsky section of graphitized 
gneise. In 1958, the Academy of Sciences of Uzbek SSR made and tested, in 
productive conditions, a set of apparatus AERA-58. 

The substantial advantage of aerial electric prospecting by the 
combined zone method is the léw response of the scparatua to flat-bedded 
conductors. Moreover, the system of current inlet into ground (when long 
grounded cable is applied) is in itself such better in comparison with other 
methods of aerial electric prospecting. 

The disadvantage of the combined zone method is the necessity of 
laying out cable on thegground and the setting up in its vicinity of the land 
group of devices. However, the experience of utilising airborne electro- 
prospecting sstation testifies to the fact that this kind of opinion is more 
of a formal than objective nature, since it does not take into account the 
specifies of applying aerial geophysical prospecting generally and in 
inaccessible areas in perticular /190, 216/. Moreover, the cost of 1 run. im 
of survey by the combined zone method is not high. Thus in the northern 
areas of the Kolsky peninsula, or in north-western Kazakhstan, the cost of 
aerial exploration by the method of infinitely long cable is found to be 
several times lower than the cost of the ground survey, whereas implementation 


is much faster. In these areas the cost of 1 run. km of large~scale Mapping 


is 10 - 15 roubles. 
As field emitter in the apparatus of the combined zone method, 
so far only a long straight grounded cable is applied; no other emitters 
ere applied. Since the parameters of the electromagnetic field vary quite 
sharply in space, there is no compensation of the primary field in this method.. 
The main problem of the measuring-recording apparatus in the infinitely 
long cable method is the measuring and recording of the amplitude and phase 
characteristics of ancual and anonalous magnetic fields of the emitter from 
e.n.f., induced in the maenstic field detector (of multi-turn type of coil 
with core). For phase measuring, the measuring and recording devices get 
radio-transmitted information from the ground regarding the current phase 
in the source. The magnetic field detectors are most often set up in the 


outboard gondola. They are very seldom placed on the aircraft. 


Ground group = = Mobile“group 
Fig. 20. 

Fig. 20 shows a block diagram in greater detail than in Fig. 6, which 
explains certain specifics in the apparatus development for the infinitely 
long cable method. As pointed out above, the set of devices consists of two 
sections - the ground group, generating the electromagnetic field on one 


of the working frequencies and sending radio signals, modulated by supporting 


voltage, and the mobile group, which measures and records field parameters, 
O08. Hb. 

The electromagnetic field on the working frequency is generated by cable 
energized by a competent tube oscillator 2. The oscillator is provided with 
a@ capacitance block, by means of which the inductive reaction of the cable is 
being compensated. With the breaking of the cable a relay operates in the 
oscillator device, which disconnects the cable from the output terminais::of the 
oscillator. For the extitation of oscillator 2, a master oscillator 2 has 
been provided, the frequency of which is controlled by :quartz crystal. The 
energy-source of the ground apparatus is the portable power plant 35. 

The key signal, coinciding in phase with the current in the cable, is 
transmitted to the mobile group by means of radio-station 4. Phase-control 
of the key signal, emitted into ether, is implemented by means of detector 5 
and phase indicator 6. The latter is energized by two voltages - from shunt, 
connected in series with the cable, and by demodulated signal of low 
frequency from the output of detector 5. 

For the command communication between the ground and mobile groups, 
radio-stations 7 and 25 have been, in¢@luded in the set of apparatus for aerial 
electro-prospecting. The mobile group measures and records the phase-angle and 
one of the components (active or reactive) of e.m.f., excited in receiving 
coil 8, which perceives the horizontal constituent of the cable's magnetic 
field H& x The output voltage of the coil enters wide-band amplifier 9, 
signal from which is transmitted along the connecting cable into preliminary 
amplifier 10, attenuator 11 and selective amplifier 12. Thereafter the signal 
is fed into two channels of measuring and recording - the channel of measuring 
end recording of components 13-15 and 23 and the channel of measuring and 


recording of phase 18-22, 24. 


For the recording of components, use is made of direct measuring 
circuit, based on phase-response detector 13 (see para 4, chapt. X). The 
supporting voltage is the signal, received and rectified by radio-receiver 16. 
In order to measure and record quadrature components at all the four 
quadrants, a device is applied in the apparatus {not shown in figure), in 
which the phase-angle of the supporting sortase could vary by jumps of 90° 
within the limits of 360 elect degrees. To exclude during survey the 
effect of level variations of the supporting voltage, the latter is confined, 
in device 17, by a two-sided limiter and fed in the shape of rectangular 
impulses to the circuit of phase-respense detector 13. 

The constant potential at the output of detector 13, proportional to 
active or reactive component, is measured by automatic compensator (14, 15, 
23). Block 14 cuts in. the circuit of alternate current amplifier with 
transofrmation and reverse circuit of connection on constant current. At 
the output of alternate current the amplifier is out in control winding 
of reversible motor 15. Recording of the measurable parameter is implemented 
ep a chart of recorder 235 by a carriage with writer, mechanically 
connected with motor 15. 

The phase is measured by means of quasicompensation \see paras # and 2, 
chapt XII). For this, the measurable signal from the output of selective 
amplifier 12 is fed to similar phase-response circuit 20 of the phase measuring 
channel. The supporting voltage, after passing through amplifier-limiter 
18 and phase-inverter 19, is fed to this circuit from key signal detector 16. 
Voltage from the output of phase response circuit 20 enters the amplifier of 
alternate current with transformation 21 and the control winding of 
reversible motor 22, This meter operates phase-inverter 19, fil} such 


time as the voltage et the output of circuit 20 becomes equivalent to zero. 


The phase-angle is read from recorder dial 24 by the position of the phase- 
inverter's variable elements. 

The set of mobile group devices includes also the outboard gondola, a 
device for its let dow (with wire cutter), a marker of time breaks and 
landmarks on the charts of recorders, etc. The source of energy for the 
mobile group apparatus is the power line of the aircraft, fed through 
special dynemoelectric transformers. 

It has been mentioned that the first set of the AHRA-58 apparatus was 
made in 1958 in the Academy of Sciences 6f Ukrainian SSR. From the same 
block diagram in 1963 the All Union Scientific Research Institute of Methods 
and Technique of Prospecting made a small batch of serial apparatus for the 


infinitely long cable (ILC) method, which records components and phase. 


Fig. 21. 


Fig. 21 - a shows the external appearance of the generating unit of the 
above apparatus, and Fig. 21 - b the appesrance of measuring device. A 
modernized two-track automatic potentiometer EPP-09 is used as a recorder. 
The measuring syatem and the system of key signal detector jointly with the 
power-source are mounted in two blocks, set up on a aplit frame in the common 
housing. This type of construction resembles the apparatus of aeromagnetic 
atations. 

The oscillating apparatus of the above set is distinct in construction 
from the similar apparatus AERA-58. It is more convenient for use in field 
conditions and is easily transportable by helicopter. 

In 1959, the Institute of Automatics and Electrometry of the Academy 
of Sciences of the USSR began developing and, later on, constructed a 
set of devices for the infinitely long cable method, which measures 
amplitude, phase and components of the signal taken /118/. The measuring 
system of the apparatus is based on synchronous-quadratic reception /152/. 

In 1960, the Academy of Sciences of Ukrainian SSR produced a few devices 
of the ABRA-2 type for aerial electroprospecting by the infinitely long cable 
(ILC) method. In contrast to AERA-58 this apparatus measures end records 
amplitude and phase of e.n.f., induced in the magnetic field detectors by the 
cable field. The construction and block diagram of this apparatus have been 
described in work /90/ (see Para 3, chapt. XIV). 

Except ILC apparatus, no other versions have been developed for the 
combined zone. Information of foreign firms regarding this apparatus is 
only of advertising nature. But the fact is well known that the apparatus of 
ILC method is widely used abroad. 

3. The remote zone method (radiocomparison and control). 

The idea of using electromagnetic fields of broadcasting raedio- 


stations for geophysical investigations originated as far back as the 


twenties. Subsequently, Soviet scientista /63, 168, 202, 204/ and those of 
other countries /255, 266/ have investigated in theory and confirmed on 
practice the possibility and expediency of utilizing for geophysical purposes 
the electromagnetic fields of remote, comparatively high-frequency broadcasting 
radio~stations. This trend of geophysical investigations has shaped into 

an independent method of radio-comparison and control, and of radio-waves 
Mapping or profiling. At present for the study of the field's phase 
characteristics gome investigators suggest the use of fields of special 
radio-stations, which emit non-modulated signals. 

Thus it follows that the radio-comparison and control method is based 
on studying field intensity of remote, broadcasting radio-stations 
comparatively of high-frequency (long wave, transmitting in frequency band 
150-400 keps.), and also of special radio-stations (mainly superlong wave, 
operating in frequency band 80-120 and 10-30 keps). This method, in 
comparison with the induction method, has a number of virtues. Ag we know, 
in induction method the measurements are effected in the near zone, when 
the distance between the source and the field detector is usually very much less 
than the wave length. The field's composition in this zone is quite complex 
and the field's intensity, which is most important, decreases with the 
distance considerably quicker than in the r emote (wave) zone, due to which 
it is considerably more difficult to define relatively minor anomalies within 
the zone of sharply varying field. At the same time, in the near zone the 
attenuation of the field with depth occurs much quicker. This means that 
various non-uniformitzes on the surface appear in considerably greater degree 
than those in the subsurface. At great distances from the emitting 
radio-stations, i.e. in the wave zone, the field of these stations is 


sufficiently uniform. With the propagation of surface radio-waves, the 


electromagnetic field penetrates partially the stratum of the top layers of 
the earth's crust (in the first approximation proportionally to their 
resistivity). Therefore, knowing the nature of distribution of intensity of 
the mangnetic field on both sides of the interface air-ground in relation | 
to electric properties of rocks, it is possible to perceive the gecelectric 
composition of the investigation area. 

The depth of the radio-comparing and control method, depending on the 
resistivity value of cover-rocks, may comprise several to scores of meters. 
If the resistivity of cover rocks is 50-300 chm, the depth will be within 
10-20 m. Using fields of superlong wave radio-stations (10-30 keps), 
the depth correspondingly increases 3-3.5 times /219/. 

The main shortcomings of this method: limited depth; possible distortions 
of the anomalous pattern of the field due to short time variations of the 
radiostations field (specially in the northern areas and also during the 
ionospheric disturbances and magnetic storms); effect of conductors of 
non-geological origin (power and telephone lines, metal structures, etc.); 
effect of highly rugged ground; signal modulation effect of radiostations; 
difficulty of exact quantitive interpretation of measuring results. However, 
by maintaining certain techniques some of these deficiencies could be 
avoided by obtaining positive effect even in difficult conditions. 

The ground version of the mdio-comparing and radio control method - its 
theory, systems of applied apparatus, the technique and results of field work 
are most fully described in /202, 221/. The experience of productive 
application of this method in verious arees of our country testifies to its 
extensive possibilities in defining and mapping contacts of various rocks, 
zones of tectonic dislocations, ore bodies, quartz veins, lens of under- 
ground waters, etc. The devices applied for ground work by this method are 


PINP-1 and PINP-2/222/. 


The development of the aerial version of this method is quite 
promising, since, according to the physical principles of this method, this 
version should have certain advantages over the serial versions of the induction 
method. The main merits of the method: no effect from the varying altitude 
of flight, since the use is of the remote zone, and the possibility of flying 
at an altitude of a few hundred meters without any appreciable decrease in 
exploration possibilities of the method. 

In working out the aerial version of the radio-—comparing and control 
method special attention should be paid to the construction of the apparatus, 
the choice of measurable constituents of the field and the mode of their 
measuring, and also to the development of rational methods for measuring and 
interpretation of the results obtained. 

By applying the ordinary measuring device of the field's intensity in 
ground conditions it is easy to determine the amplitudes of all the 
constituents of the magnetic field, as well as the azimth and the angle of 
gradient of its vector. In the aerial version of this method, with 
continuous measuring in motion simultaneous recording of several enumerated 
parameters is rather difficult. Therefore, at present the apparatus of the 
aerial version of the radio-comparing and control method records one 
measurable parameter. This parameter is usually the mean level of one of 
the components of the electric or magnetic field. 

In 1957, the All Union Scientific Research Institute of Methods,and 
Technique of Prospecting (VITR) carried out experiments with the use of the 
helitopter version of the aerial RCC (radio-comparing and control) method. 
Helicopter MI-4. The devices were made in Moscow State University on the 
base of interference gauge IF-l2. The initial experiments gave negative results 


However, in 1960-61, positive results were obtainedby means of the same 


devices. 

The geophysical laboratory of the All Union Scientific Research 
Institute of Hydrogeology and Engineering G,ology of the Ministry of Geology, 
USSR, used the helicopter version of the aerial RCC method for exploring 
lenses of fresh water in the desert areas of Kara-Kum. The results of these 
investigations were also positive. During the experiments, determinations were 
made of the optimum altitude of flight. It was found that, in the search for 
large objects, such as lenses of fresh water, otcurring among saline ground 
waters, the flight altitude had hardly any effect on the survey results. The 
‘limit flight altitude could be taken as 1000 m. hie +6-wavdation:oF the 
field's intensity with removal from radio station on extensive source of survey, 
corrections have to be inserted for variations of the normal field. 

To obtain the greatest geophysical information, it is desireable to study 
with the use of the aerial versions of RCC method the phase composition of 
electromagnetic fields. Phase measuring provides the possibility of dividing 
the fixed anomalies into ore and rock products. However, the measuring 
is hampered by the time variations in phase structure of broadcasting 
stations fields, necessity to measure phases without a key signal from the 
source of the field, etc. Attempts were made to compensate the latter by 
using additional ground radio-station, which would transmit the key signal. 
However, this type of system was found to be rather complicated and the 
possibilities of its application limited. A method was suggested of amplitude- 
phase measuring of radio stations fields by comparing values of the measure- 
BREE a one a eMeneS of the field in the anomalous zone with the corres- 
ponding values in non-quite complicated and was not developed practically. 

More promising may be assumed the relative phase-measuring by means of 
two combined reciprocally perpendicular receiving frames, similar to those 
applied in the AFMAG apparatus. If the axes of these frames are placed in 


horizontai plane, ratio determination of voltages induced in frames, will 


Make it possible to record the angle of the direction finder. With the 
location of receiving frames axes in vertical plane, it is possible to 
Measure the angle of gradient of the magnetic field vector. To reduce 
the level of noise from the electric equipment of aircraft, the receiving 
frames should be placed in the outboard gondola. 

Also of interest in the aerial RCC method is the manner of measuring 
phases, as suggested by G.F. Ignatiev /78/. The principle consists of the 
following. 

A device is set up on the plane for receiving signals from the ground 
radiostation, consisting of receiver 1 (Fig.22), two master quartz oscillators 
2 and 3 and the system of automatic frequency tuning (AFT). The AFT system 
consists of synchronous phase detector 4, circuit breaker 5, amplifier of 
mismatching 6 and electric motor 7, coupled with condenser 9, which 
periodically tuned in resonance with the received signal the quartz mester 
oscillators 2 and 3 with accuracy upto phase. The phase-shifts are measured 
by means of the phase-control system, cut in turn by turn to both the 
oscillators, consisting of synchronous detector 10, circuit breaker 11, 
amplifier of mismatching 12 and electric motor 7, coupled with phase-inverter 
8. The phase-inverter 8 is, in its turn, coupled with transducer {not shown 
in the figure), which is responsible for the cut-in of the pen for recording 
the phase-shift between the voltage of master oscillator and the received 
eignal. The given method allowes the obtaining of higher-quality geophysical 
information due to the fact that electric properties of the geological section 
are being determined not from signal amplitudes of broadcasting and special 
Tredio-stations of the long wave band, but from the variation of phase-shifts 


between the signal of radiostation and the signals of master oscillators: 


Set up on the aircraft. Phase-information is more stable against interference 
than the amplitude information and lesa dependent on non-geological factors. 


Unfortunately, this method has not so far been tested in practice. 


Fig. 22. 


Thus, the expediency should be» pointed out once more of the further 
development of method, verification of theory, perfection of apparatus, 
etc., in order to produce quicker commercial samples of apparatus for geophysical 
exploration by the aerial RCC method, the potentiality of which kas been 


proved by the investigations (106, 202) carried out. 


KKEREKRHHKREN 


-66- 


Chapter - III - PRIMARY HARMONIC ELECTROMAGNETIC PILLDS, 
USED IN AGRIAL “SLECTRIC PROSPECTING. 


l. Formulation of problem. 


For constructing a nerfect apperatus and developing an investigation 
method, in aerial electric prospecting, it is most important to have, besides 
information as to the chosen geometry of system, competence of generating 
response in receiving apparatus, noise level in detectors of electromagnetic 
field, and also data of primary end secondcry electromagnetic fields. 

In order to provide a sufficiently complete picture of primary electro- 
magnetic fields, used in aerial electric prospecting with harmonic field, this 
chapter will discuss fields of a single oscillating dipole, of circular frame 
with current and circular rotating magnetic field, applied in neer zone methods 
(induction methods), field of rectilinear infinitely long cable, applied in 
methods of combined zone (BDK method), and the field of long wave broadcasting 
and special radio stations, used in methods of remote zone (radio-compering and 
control method). 

The reletionships, shown below, for perameters of primary fields, used in 
near, combined and remote zones, make it possible to define the specifics of 
these fields (these specifics are of significance only in aerial electric 
prospecting). 

Moreover, analysis of the structure of primary fields, within location 
zone of receiver, artificially excited by various types of exciters, should 
provide answers also to questions as to the parameters which are possible to 
be determined and the kind of shielding against noise that should be provided 
for receiving and mecsuring devices in these cases. 

The main cme of electromagnetic events, studied by methods of 


oerial electric prospecting, correspond to particular form of Maxwell's 


ab iBT Ce 


Series of equations (18, 83). In the near and combined zones Maxwell's 
equations for time harmonic electromagnetic field are usually written 
in complex form as follows(75,162): 

rot H = jgotkE + 6; ) 

- Jog i ) 

I = £2 ) 

) 


B = Ai. 


For a quasi stationary field or a field, in which the variation 


rot # 


(111.1) 


processes pass sufficiently slowly, the right/hand portion of the second 
Maxwell equation (III.1) differs from zero, i.e. the given equation depicts 
in differential form the law of electromagnetic induction. 

The series of equations (III.1) is resolved, ordinarily, with an 
estimate of boundary conditions and idealization of lower half-space as a 
uniform medium, and taking into account geometry of system in real aerial 
survey. 

In remote zone wave type expansion of electromagnetic field takes 
place, wnich can be determined by Umov-Pointing vector, directed along the 
movement of propagating wave (52): 

S = EH, (III.2) 
where B* conjugated complex of magnetic field intensity. 


In this case: 


E = zB ed! Oteeyd) _ Boe ee, (112.3) 
KR =H ell : +t 2) =H dt 
m m 
where Ba and Ho - complex tension amplitudes of electric and magnetic field 
respectively. 


GB os j2 J i = jaye 
B= Hie? Wi tend H = He? WY. 


Resolution of the series of equations (III.1) - (1II.3) with certain 
allowances permits, for practical purpose with sufficient accuracy to 
characterise methods of aerial electric prospecting with harmonic field 
and their varsions. In particular too many allowances are allowed in the 
use of near zone method, the number of versions of which used in the 
aerial electric prospecting is considerable. For instance, primary field of 
induction aeromethod, excited by oscillating frame outed 40 the 
aircraft, is analyzed on assumption, that this frame and aircraft 
are both in uniform medium (air) at an altitude, where the effect of earth 
surface could be ignored without any detriment to accuracy of calculations 
(69, 132). 

It should be pointed out, that in near zone versions field detector 
could be located in relation to oscillating frame outside the contour, 
formed by turns of oscillating frame, and at distances considerably 
exceeds dimensions of contour (spread out frames), as well as within this 
contour or in its immediate vicinity (combined frames). Accordingly, the 
approach to deduction of relationships, characterising electromagnetic 
field at the point of field detector could also be ambiguous: the 
oscillating frame could either be taken as magnetic dipole, or as a 
closed loop (circular turn) with current. 

In aerial versions of induction method with source and field detector 
spread out in space, the oscillating frame is frequently located in 
horizontal plane parallel to ground surface (see para 1, chapter II). But, 
if the application is of more composite construction of the oscillating 
frame, e.g., as in the version of rotating magnetic field, then out of the 
two frames, generating this field, one should be located in the horizontal 


plene, and the other - in vertical. Field detectors in these versions are 


invariably placed in outboard gondola, towed by plane or helicopter by 
means of wire cable. The gondola is placed in vertical plane passing 
through the aircraft in direction of its motion. Orientation of field 
detectors in relation to oscillating frame varies in accordance with the 
chosen version. 

In deduction of relationships, which determine the primary field in 
the near zone for versions with the spread out in space source and field 
detector, the consideration is only of induction zone. Primary field can 
be teken as quasi-stationary and the effect of electromagnetic field 
expansion need not be taken into account (162). Simultaneously the zone 
in the immediate vicinity of the field's source is excluded, which 
permits to consider tnis source, Le., oscillating frame, as magnetic 
dipole, characterised by a certain magnetic moment m. Therefore, the 
oscillating frame, in this condition could. be presented as a point source 


(point magnetic dipole) with magnetic moment m = km, modulus of which is 


n, = /i/ ws,0ap . n°, (I2I.4) 
and the direction coincides with axis 02, as shown in Fig. 23. 
In formula (III.4) i, w, S = are respectively current, number of 
turns and the areca of the frame. It is essumed, that the current in 
oscillating frame is harmonic time function, i.e. i= I sin (® t+ Vi); 
and is shown by complex amplitude: 
I* a Aa (IIT.5) 
and magnetic moment of dipole m, with positive values of current in 
oscillating frame is directed along the positive semi axis (CZ, 
The adopted conditions are satisfied also in the case of rigid 


fixing of source and field detector om one aircraft with comparatively less 


WIR 25. 


space between them, but only if the geometrical dimensions of the source 
and detector are considerably less than tnis spacing (i.e. less than 

the spread between the frames). If, on the other hand, the receiving 
fremes are arranged in the immediate vicinity of the oscillating frame, 
then in the estimate of the primary field it is necessary to take into 
account the configuration of the oscillating frame. The intensity of the 
magnetic field is, generally, calculated from more composite formulas, 
containing elliptic integrals of Bessel's functions. Only with 
disposition of receiving frame, within the plane of oscillating frame, 
but outside its contours, will there be the constituent of primary 
field, parallel to axis 04 (the other constituents are not present), 
calculations of which present no difficulties. 

In the aerial version of induction method, when the receiving freme is 
disposed within the oscillating one, the prinary field is calculated by 
methods, applied in determination of intensity of magnetic field of circular 
current near the center of the circular turn, etc. 

In calculations of the field in aerial BDK method there are some 
specifics. First a resolution of wave equation has to be found, which or 
the lines of space at certain points has tae type of property, that when 


approaching them the field strives towards infinity in a certain way. 


Then follows determination of the field's behavior in the vicinity of these 
points for unambiguous determination of the neture of the finite, but 
insignificant in geometrical dimensions source, which generates the field 
of the indicated composition (30, 75). 

In estimations of remote zone in serial electric prospecting, no 


special allowances are allowed. 


2, Hagnetic field of a single oscillating dipole in uniform space. 


Let's take an oscillating dipole with magnetic moment nl, situated in 
uniform space and having a random orientation in respect of the adopted 
system of coordinates. The dipole of oscillating point with randon 
direction of magnetic moment is in the center 0 of rectangular system of 
coordinates, as shown in Fig. 24. In this case for magnetic moment m of 


dipole we get the following equation: 


m= im + jm, + km, =m, + n+ m,, (III.6) 
where Te By and m, - constituents of the moment on axes of coordinates, 
n= is a = jm, ; 1 = km, 3; i, j and k - single vectors (orts). 


Vector magnitude of magnetic moment, i.e. its modulus 
—_— 
- “\f 2 2 2 
m = /a/= +\ine + m, *n, (III.7) 


and the angles, » B and Y: formed by the positive direction of axes OX, 


OY and 0Z with vector m, are determined by relationships 


n : m m 
cos = 7 H cos B = Ry cos y = Fer % (III.8) 


If magnetic moment of dipole is oriented along axis 0Z, according to 


most of the aerial induction methods (see Fig.23), then Mo =m = 0, n= iws, 


y 
= kn, = n,, (see term (III.4)). 


Now let's pass on to the analysis of magnetic field, generated by this 
dipoleat the arbitrary point F of a uniform space, and determine the 
perceptible by field detector constituents at this point. For calculation 
of the field we use vector constituents of magnetic field intensity 
HL» Bo H (in penyeeee coordinates ) and Hw H p » HE (in spherical 


coordinates). 


Fig. 24. 


Vector of magnetic field at point P, by radius-vector r (ig.25), 


will be accordingly /198/ 


eee > | ne (1IT.9) 


In spherical coordinates the terms for constituents of vector H at 
the given point P have the following form /83, 162/: 


radial constituent 


2m_cos é 
= cae Ca (III.10) 
47U r 
tangential constituent 
m sin 6 
en 3 ; (III.11) 
4arr 
azimuthal constituent 
HM= 0, (III.12) 


where r, § and (- spherical coordinates of point P in relation to 


origin 0, located in the center of oscillating frame (see Fig. 25). 


Due to symmetry in respect of axis 0% / equations (III.10) - (III.12)/, 
expressed by the independence of the constituents Hs He and Hay from 
angle PD , the selection of the zero or meridional plane, in respect of 
which the azimuth reading is being taken, could be arbitrary. Therefore, 
if this is not stipulated, we will assume, that the given plane passes 


through axis OX, and the point P is in the plane YOZ. 


i 
7 


ee ee 


Fig. 25. 


In these conditions the perceptible in aerial induction method will 
be either vertical or norizontal constituent of the primary magnetic field 
(with one receiving frame) or both simultaneously (with two receiving 
frames). In Fig.25 the vertical constituent HL is parallel to:magnetic 
moment of dipole, and the horizontal Hy is perpendicular. To ensure the 
reception of the chosen constituent of the field, each receiving frame is 
given a corresponding spatial position. Therefore, in order to find the 
intensity of e.m.f., induced in receiving frame of one or another 
constituent of primary or resultant field, it is necessary to have terms for 
determination of vector H modulus of the primary magnetic field intensity 
as a whole, as well as of its constituents - vertical HL and horizontal He - 
as functions of the oscillating frame magnetic -moment and coordinates of 


the location point of receiving frame in the chosen system of coordinatés. 


Vector medulus 


pup Ve + He, (111.13) 


Substituting in this equation terms (III.10) and (III.11) and implementing 


simple conversions, we gét 
m a mn 
{Hf = ; Web pants hee Re 25 


4fr 8]fr 


(III.14) 
Vio + 6 cos 28. 


On the basis of Fig. 25 when the terms (III.10) and (III.11) for 


vertical and norizontal constituents are taken into account, we find the 


following parities: 


aa) 
il 
tar 
ih 


Hy. cos G§ -HS§ sin B ; 
(111.15) 


foal 
tt 
= 
" 


He sin & + He cos 9 


Substituting in equation (II1I.15) terms (III.10) and (III.12) and 


implementing simple conversions, we obtain 


m 
H_ = - (1+3 cos 20) ; 
ae: Tr? ‘ 
a (IEI,15a) 
p 8 Tr 


We bring in signs 


S (143 cos 2@) =F, aor 2 sin. 2 =F, (®@). 


Then 
“2_» (6) 
H = F J); 
Vv 477 ee 1 
Es (III .16) 
A = 2 Fe 8): 
h 4 97 ee ev” 


Angle between field vector H and dipole axis 


Hi ; 
7 iy 3. 3sin2@ . (ITI.17) 
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If we follow the variation progress of relationships oy (@) and P, 
(8), which eater into formulas (III.16), with angle 8 verietion from © 
to 180°, we would get the directivity pattern of vertical and horizontal 
constituents of the intensity vector of the primary magnetic field in 
horizontal oscillating frame (i'igs.26 and 27), With the set m1 and r 
it is possible to determine from these relstionships the intensity and 
sign of the constituents Ho and 4 for any point of space surrounding 
the oscillating frame. 

The directivity curves (see Figs.26, 27) are symmetrical in 
relation to axis OY and 04. Therefore, change of direction of oscillating 
frame magnetic moment to the opposite does not change the directivity 
pattern. This is of significance for further correlation. 

Let us pass on to deduction of relations determining the constituents 


He AH and Hy of the intensity vector in magnetic field of oscillating 


y 
dipole for the arbitrery observation point P (Fig. 28). Formulas of 


trensition from spherical coordinates to Cartusian retaining signs taken 


in #ig. 28 we write as follows: 


~ 


rsin §cos; Pr =\/x* + y” ae ae ; 


x= 
: ; Zz 
= r sin sings’ @me= arct III.18 
y Oeingo p= earcts 5 yr ) 
«+ 2 
Z2=rcos @ ; O= arctg " ) 


rom Fig. 25 and 28 it follows, that 
° o_ 7 . _ i 
H, =H, cos ? ; Hy =H, sin pi HL =H. (III.19) 
Substituting in equations (III.19) values of constituents an and 


: 2% 
He according formulas (III.15) and (III.16),we get the terms for 


Fig. 27 Fig. 28 


constituents Hs ae and H as functions of spherical coordinates: 


; mn 

ar ae 3 sin 2 Boos ; ) 

ne (III. 20) 
lsRereeo— in 2 si ; 
y 3 sin sin P 
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4 i 
Ho =—— (1432008 28) =.) 
2 0g IT -r°? 
Since 
. x 
sin = : cosQWs—o— 
en y* Pore +y° 
then 
Hx = ee ey ee ee, 
8 If r° d Vxe 4 y 
H = "2 ; ) 
oe et, 2 ee (IIT.21) 
8 ¥r x2 is a 
tay 
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Let us express sin 2 Mand cos 2 Qin terms of Cartusian coordinates 


: ; . ; ; te§ 
Using trigonometric conversions sin 2 @ = 2 sin B® cos § = 2 Tite a 


and cos 2M = cos 2 Be gin*®: o. —-— 


- 1, we find 
1+ te : 8 


an OTF 


“2.2 
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(IIT.22) 
Substituting in equations (III.21) the determined values sin 2 6 


and cos 26, we finally obtain 


3m 3m 
= 4 9T (x* +y 242°) ? 4 Jr 
(III. 23) 
3m 3m 
iene r4 = Zz NZ, 
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4 Tr 
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- + 2°) = 32° -r. 


ae ae y° = 32° - (x? 4 y" 
For the intensity vector modulus of magnetic field of dipole we 
write 
Cn! 
a4 2 2 2 
/H/s Vu? +H +H. (II1.24) 
Substituting in equation (III.24) values of constituents from 


terms (I1I1.23), we find the value for modulus in terms of Cartusien 


coordinates; 
PES = Vix e y° )+z (5x2 + Sy" ~ 42 =) 
: ra a (IIT. 24a) 
Since 
m = V2 + y° + 2, 
then 
/H/ = ys, #15 (IIT. 24b) 
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In terms of cylindrical coordinated vector modulus will be 


n 2 
rf H/s= aoe Nate +1. (IiI.24¢) 


Similarly deductions are made for constituent determination of 
the intensity of the field in oscillating dipole with magnetic moment, 
directed along axes OX and OY. 

For instance, for dipole a, with magnetic poneuecuneetsa along 
axis Ox (m =m, = 0, n= im, = n> constituents for the same observation 
point P in spherical coordinates (see Fig.25) with denotation of the new 
polar distance by will be written as: 


? 
en, cos 2 : ) 


Yi = 
T ayrr 
mx gin a 3 
H §= ) a (III.25) 


4 TT r? 
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(the azimuthal constituent H - due to symmetry of the field in relation to 


axis OX will not be present}. Constituent Hy» and WH, of the same 


y 
dipole in Cartusisn coordinates will be obtained as 
m 
H, = ; (3x7 - rr); ) 
ASF r 
3m, 
HL = 5 95 ) (III.25a) 
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For nodulus of magnetic field intensity vector we will get 


equation: 
ri) ‘V8 
/H/ = x > 3D x° (4x745y%4527)4(y74+2°) * 


4 YT (x*sy%42°) 7/2 
_ 2 
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In cylindrical coordinates modulus of vector H will be 


determined by relationshp: 


oo 
ax 5 cos 
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Let us analyze the nature of changes in relations Fy ( @) ‘and 


Fy ( @) from the viewpoint of selecting optimum system geometry for 


aerial induction method. 


Fig. 29. 


From Fig. 26 it follows, that the best geometry in measuring 
vertical component of resultant field has the set up with the drift angle 
of gondola a) , near to 54°45' (vertical constituent of the primary field 
is not present). With the rigid geometry of system oscillating-~receiving 
frames, the resultant field at the point of reception will be determined 
only by the secondary field. However, it is practically impossible to 
obtain this rigidity of the system's geometry, therefore, negligible 
deviations of the receiving elemnt from the vertical will result in appearance 
of varying intensity noise, caused by the primary field. Due to constituent 
Hos being highly dependent on angle G » the unatability of interferm ce 
will be very high (when the polarity of the interference is varying). This 
relationship is less strongly defined et points, where @ + Oor a = 90°. 


the indicated points are most acceptable for receiving element (-specially 


with @ = 90°), in spite of the fact, that at these points magnitude 
of the vertical constituent will be maxinum. In this case it would be 
better to compensate the constant interference by electric means. 

According to Fig. 27, the best geometry for measuring horizontal 
component of resultant field with rigid fixing of receiving frame will 
have the set up with drift angle being zero or 90°. However, these points 
evince the highest dependence of HL on angle 6G, therefore, the 
instability of interference here is also maximum. At ¢ = 45° the 
horizontal component is maximum and the unstability of interference is 
minimum. Hence, points with angle 6 » equal to zero or 90° for vertical 
constituent and 6 =< 45° for horizontal are the most acceptable for 
placing field detectors, since at these points interference from changes 
in the system's geometry is minimal. 

Hence it foliows, that it is possible to plan several patterns for 
the apparatus of induction method (single-plane or helicopter) with the 
spread in space of oscillating and receiving frames. The different 
patterns are determined by the locetion point of receiving element in 
respect of the field source, as shown in Fig. 29: 

1) @ Ly ® (point P,) - helicopter pattern, when transducer 
(oscillating frame and detector (receiving frame) are located on one 
vertical line; 

2) 6 Xe45° (point P,) - "Canadian" pattern; 

3) OnL65° (point P,) - induction method pattern, realized, for 
instence, in apparatus AERI-2; 

4) 6}. é90° (point P,) - plane and helicopter pattern, when the 


transducer and detector are at the same altitude. 


3. ‘Wagnetic field of oscillating frame in the form of a 


circular turn with current. 

Let us analyze the basic means of determining the intensity 
components of the primary field near the oscillating frame in case, when 
this frame could be takes as circular with turn radius R end energized by 
current with complex amplitude in fe assume, that the distance between the 
frames is comparatively less (radius of oscillating frame is slightly less 
than the center interval of oscillating aad aeseivane frames). This type 
of set up refers to patterns of aerial induction method with combined 
frames. 

We use the cylindrical coordinates p » > 2 Axis OZ we direct 
along the axis of circular field, and the center of turn place at the 


origin of coordinates, as shown in Fig. 30. In this case, as we know, 


Fig. 30. 


In the case under analysis the vector potential Ais perpendicular 
to planepOc, i.e. it has only one constituent A » Which is determined by 


T 
relationship /297/: /* 
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where k° = 48 p [tx +P)? ea ae K and & — functions R and P : 


determinable vy total elliptic integrals of tne first and second kind. 


Since B =A i = rot A and H = i rot ‘A, then from relationship 
° 
(III.25) it is possible to determine constituents of magnetic field 


intensity: 
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H@= 
If in these conditions the receiving frame is placed in the plane 
of the oscillating frame, but outside its contour (z = 0), it receives the 


vertical component, since the primary field has only one component - Ho. 


pearellel to axis Qu (H = = 0), which could be determined from ratio 


ri oR es Pes ( 
H=s>S K+ . III.29 
2” ample tf) a -p )° ef 
At 9 = 0, i.e. on the exis of the frame's turn, the field also has 


only one component, directed along the axis 02: 


2 y 2 Ww 228 
RoIw Kk “| ™ RI 


nay or o(r? + 2°) Be ee: ; (III. 30) 


In the case of receiving frame, being in plane and within the 
contour of oscillating frame, but not in the center, the component of the 


primary field will be ee by ratio £52) 
St/2 


rw ({IIl.31. 


t =<-o— ’ 
Z 2 Be : 2 
Tr R(2-k*) 5 y 1 - (x sin'y)“a 
r . eB F 
where k = ra Zl (xr ~- distance from the center of turn to point P, at 
which the primary field is being determined (position center of the 


receiving frome). 


ZReceiving 
antenna ~~ 


Generator > \ 
ntenna 
antenna J, 
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Fig. 31. Pig. 32. 


The determined integral in equation (I1I.31) - total elliptical 
integral of the second kind E (x, JE) is determinable from table 
according to the value that, k = sinf52/. 

In the center of the frame's turn, when k = “ae = 0 (coordinate 
r= 0), we have R(k) = 1.57£29). Therefore, from formula (III.31) we 
find: 


He iw Iw 


pus] 
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Thus in the center of the circular turn: 


“sf Iw 
fee (IYI.31a) 


Components of the primary field could be determined from somewhat 


different formulas on condition, thut the center of the field is 


arbitrarily displaced in relation to the center of oscillating frame. 
Here are the basic relations for the calculations of primary magnetic field 
at point of field detector for this case. 

For convenience of calculations we assume, tnat the oscillating 
freme has the shape of a circular loop of radius RK with number of turns 
wand is energized by harmonic current, show by a complex amplitude i 
and the size of receiving frame (coil) is immensely less than that of the 
oscillating frame. The field detector receives either ES or Hy component, 
depending on his position with respect to the oscilleting frame (Hig.31). 

If we take the circular loop axis 0'Z for the initial axis of 
coordinates, as shown in Tig. 32, then for points on axis OY with & = 90 
and r= y¥ (r - length of radius-vector, §- poler distance to point P), 
formulas for complex amplitudes z and He of horizontal 9 (t) and vertical 
H(t) components of the field's intensity H with accuracy upto terms of 
the second order of smallness (higher precision in components determination 


is practically inexpendient) would have the following appearance /128, 252/: 


2 2 
Ray ¥ 
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where z = 00'. 
oO 


At the origin of coordinates, at point 0, we have 
Om5 I Row 
= n ’ 


ee 


i.e., we arrive at the term corresponding to the formula (III. 30) 


In case Zo QO that is to say P= R; in the centre of the obtained 


generating frame (at point 0). 


7 0,5 iY 


y a 
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i.e. we arrive at the term, corresponding to formula (III.31a). 


4. Circular rotating magnetic field 


Let us deduce the principal relations for magnitude and direction 
determination of the intensity vector of rotating magnetic field Heng 
in a uniform space. Fosition of axes and oscillating frames (dipoles with 


magnetic moments i, and m) is-shown in Fig. 33. We carry out calculations 


for arbitrary point P with Cartesian coordinates X, Y and 4. 


Fig. 33.. 


The sources of the field - dipoles ms and n - are placed et 
the origin of coordinates. In the case of rotating magnetic field moduli 
of the magnetic moments of these dipoles will be /130/: 


mo = cos bs 
27% Gt; 


(III.33) 
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m, sin G> t;- 


where according to equation (III.4) n= Ls 
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The intensity components of the field of dipoles m, and m on lines 
of coordinates OX, OY and 0% are determined from formulas (IIT. 23) and 
(III.25a) respectively. = 
The resultant intensity components of rotating magnetic field HP 
are determined as sums of corresponding intensity components of fields, 


generated discreetly by dipoles with moments i and Do? 
HP 4 9g", HP ae ot 4 Hs HP oo 4B? 
x x x y y ¥ Z Z Z 


Therefore, according to equations (IiI.23) and (III.25a) we get: 
3m 


rn 2 
HP (2x _ ae) tees X23 ) 
[ le qr? 2 4 1 x? 
ny = res y (m, xX+m 223 ) (III.34) 
4 jir 
3m ii 2 . 
H? = 7: XZ + a (2 -1).) 
4Ttr 4}fr r 


Substituting in equation (III.34) x, y and z from formulas (III.18), 


we get the terms for components of vector HP as functions of spherical 


coordinates: 

PE | 2@_ 1) +e sin Pecos 8 (111.35) 

qe = 3 sin cos - 1) -+ sin Ycos cos; )( ITII.35 
4 —% ae eee P 
am 

HP = ain” 6 sin cos Peas sin 8 cos & sin); 

oo a y Td P 
Es 

HP = sin § cos @& cos res (3 cos *6- Ls 
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Substituting m and n from formulas (III.33) in (III.35), we get: 


P = : . 
Hy = a, cosd) t - by singdt; ) 


HP a, cos got - by sin Gt; ) (III.36) 


p 
H = a, cos@)t - by sin@t, ) 
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where 
3m 
a, = ae sin 6 cog 0 cos@ ; 
4JCr 
3m 
a = ——*= sin 9 cos O sin P; 
Yo oafr’ (II1.37 
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4g r 
3m 2 
b_ = —% sin* © sin pcos P ; (III.37-a) 
y 3 
4%r 
3m 
b_ =——*— sin © cos 0 cosP. 
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Vector HP could be show as 
AH? = a cosWt-b sinW&t (III. 38) 
where 
a= ia + ja, + kas B= ib, + jo, + kb, (III.39) 


With an estimate of equations (III.37) and (III,37-a) we get 


Mm 
\a{ = es: 1/3 cos* 0 + 1; 


4gtr (III. 40) 


-t mo 2 ee 
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47tr 
In accordance with parity (III.38) vector H can be taken as a 


sun of two vectors (30) H 


i =a cos Wt; Ht, =~ bsinWt, (IIr.41) 


moduli of which oscillate harmonically with the same frequency. These 


oscillations are shifted in phase at 90? 


It is well known, that addition of fields of two vectors with different 
directions, moduli of which vary harmonically with the same frequency and 
pnsseeeniee: different to zero, produces the so called elliptically 
polarized field. The end of resultant vector of this type of field 
describes in space an ellips, lying in plane, determinable by direction of 
vectors a and b, which are its semi-axes. 

If simultaneously /a/ = /d/ and /ba/ = 0, there would be a circular 


rotating magnetic field. This condition is met, when G = p = 90°, i.e, 
mo 
4yfr 


the plane, on which lie vectors a end b, is perpendicular to line OY (or 02). 


at points on line OY (or line 0Z), when /a/ = /b/ = In this case 


4 s 
At any other point the curve described by resultant vector, is an ellips. 


The modulus of resultant vector is determinable from equation. 
—_ 
Va? |= Vea)? + (uP)? . (HP). (III. 42) 
Substituting in equation (III.42) values HP, HY and HE from equations 


(III.34) and taking into account parities (III.33), after appropriate 


conversions and simplifications, we find the modulus of resulting vector in 


Cartesian coordinates: 
nm f . * 2 
\Va?/ = — Ae ogi sees aectSe Zixsin__t —2 cos a" +1. (IIT. 42a) 
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Substituting in equation (III. 42a)values H, ee and HE from 


equations (III.35), we get the value of vector H? in spherical coordinates: 


n Sin_w 
fa? / = o V3 gin’ Epcos* pt +3 goatee cone @t+ 1. (III.42b) 
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The angles of gradient of this vector pertaining to lines OX, OY and 0Z 


respectively are as follows: 
HP 
x 
O= arcecos ~~ 3 ) 
/ uP / 


p= arecos ——— ; ) (IIT. 43) 
/5/° 
HP 
zZ 
Y= arccos 


For determining, position of polarization plane in space in Cartesian 
coordinates it is necessary to determine the directing cosines of angles, 
formed by perpendicular to this plane and the lines of coordinates. 

The single vector of the ellips plane perpendicular can be 


determined from formula: 


- ba 
i= eet, (III. 44) 


where(b a) -vector product. 
Therefore, from formulas (III.44) and (III.36) we get: 


Oe ba = boa 
cos Ot= cos (a, x) = og 


Oe ba - ba 
cos § = cos (n, ¥) = hE (III. 45) 


. i dies ba 
cee VV 
cos {= cos (n, Z) = 


where cos OL, cos p and cos Y ~ directive cosines; 


q=/(ba)/ =\, (doa, = bay) + (boa, = a) + (bya, = bya) é 
(III. 46) 
Having substituted in parities (III.45), (II1.46) values ay» ays ao 


b,» by, b, from equations (I11.37), (III.37a) and carried out appropriate 


x’ vy 
trigonometric conversions, we finally obtain: 


gest sin in cos. 
“4 ~ 3 sin 8 sin’ p 


o2 Bia? 
cos B= 2=3sin’ Osin® P, (171.47 


4-3 sin § sin Y 
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3_sin Beos § sin D 
cos Y= ) 


Yh = 5 sin? Bein’ @ 

The obteined equations make it possible to calculate primary field 
at the placement point of receiving frames P (Fig.33) for a single—-plane 
pattern of induction aeromethod with the use of circular rotating 
magnetic field. This pattern is not free from the effect of changes in 
geometry of the system, as confirmed by some of the authors (e.g./117/). 
Even on condition of ensuring the required sngle, between the oscillating 
frames, polarization plane of the circular VE” at point P will not be 
perpendicular to line OY (or 02). Therefore, the effect of angles § 
and ‘p on polarization plane dip will not be eliminated. loreover, even 
with perpendicularity of vectors a and b (phase shift of e.m.f. in 
reception frames vy Ly moduli /a/ and /b/, on the basis of equation 
(ZII. 40), are not reciprocally equivalent, i.e. vector of resulting 
field describes an ellips with rotation around its axis. Thus, e.n.f. 
induced in receiving frames after obtsining time shift of one of then 
ry also will not be reciprocally equivalent in amplitude and their 
reciprocal compensation will be disturbed. 

In order to obtain move-out of signals equal to zero, it would be 
necessary to lead in, besides the phase-invertor, also amplifier with 
conversion factor other than one (this factor is the function of 
coordinates) or to change the intensity of current in one of the 
oscillating frames. 

For a two-plane pattern of VP (see Fig.16) the rotating field will 


te s m 
be circuler along the line OY, when conditions /a/ = /o/ = —2— f= a = 90° 
4 T,3 


* VHP = rotating magnetic field. 


are satisfied. The plane, in which lie vectors a and b, is in this 
case perpendicular to line OY, i.e. - flight line of the first plane. 

The resultant vector of magnetic field, retaining its modulus 
invariable, rotates around the flight axis of the aircraft with 
oscillating nan at angular velocity, equal to angular -frequency of the 
current, which excites the field. ith the similar parameters of 
receiving frames and the presence of a uniform medium in the area of 
flight, the primary field will induce in receiving frames variable 
voltages similar in amplitude, but shifted in phase by 90°. Since one 
of these voltages by means of a special phase-invertor turns in phase at 
90° and is subtracted from the other, the resultant output signal will 
be equal to zero. 

According to the symmetry of the spread, shown in Fig. 16, with only 
the primary field present some chnages in rotation angle of oscillating 
and receiving frames around the axis OY, and also the simultaneous 
variation of current amplitudes or initial phases in both the oscillating 
frames will not result in appreciable change in the balance attained. 
Only in the presence of a secondary field distance variation between the 
mobile objects will slightly change the value of unbalanced signal. 

On the basis of determining charzcteristics of the near zone 
aeromethods (induction aeromethod) given in chapter II and retations 
obtained in paras 2-4 of chapter III for calculations of primary field 
at the point of field detector a summary Table 1 has been composed. 

Data of Tgble 1 permit to determine the relative magnitude of 
mechanical error in the analyzed patterns of induction aeromethod. 
Knowing parameters of field detector it would also be possible to calculate 


the absolute value of mechanical ‘interference. The value of this 
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interference for the patterns of the first group (see para 1 Chapter II), 
except the single-plane pattern of ViiP, is determined directly from 

formulas for the value of primary field component, received by detector. 

For the single-plane version of VHP of the first group and versions of 
second group the magnitude of interference is indirectly directed from 
formulas, which take into account the difference (ratio) of signals, induced 
in detectors by the received components of the field. In both the cases 

the value of mechanical interferencé depends on parameters of the primary 
fields sources and coordinates of field detectors (their position in 
relation to field source). Practical methods for determination of 


mechanical interferences are discussed in chapters IX and XIII. 


5. Field of the rectilinear infinitely long cable. 


The field of infinitely long cable with assumption of the unifornity of 
earth was initially calculated by Fok and Bursian (212); the field of 
finite length cable is discussed in works (41,42). 

In aerial electroprospecting in calculations of the cable field the 
analysis is, usually, of its quasistationary approximation. It is assumed, 


that for air the wave nunber k, = Q, and for earth: 


ee Vor 5 22 p41 - 5) og ——, ur, 


© cay 
where f- specific resistivity of earth, ON. Ki; 
f - frequency of exciting field, cps. 
Constituents of the cable's magnetic field H is found from the values 
of vector-potential & (H - rot, A). It is convenient to resolve this 


. to 
problem in relative dimensionless coordinates according Dmitriev (68, 6C): 
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ao x= 2 Yor Co lel -2 V2 
where - wave length within the earth; x, 2 - coordinates ( see Fige.5 and 


41). 


Expressing constituents of the cable's magnetic field in terms of 


horizontal component of vector-potential Ay directed along the cable, 


we get: . 
a 107 se... —iI oA, 
x re 
ae Q; Fe a 
i, = 107? 42 7] ——— (111.48) 
261 


where I ~ current in cable, a. 
A_ value is determinable with fulfilment of the following conditions:- 

AA y 7 Oat g 2>0 
A a, - ia, = 0 atl, <0; 


(III. 49) 


Ay and aay are continuous at bo = >= 
0&2 


Along the cable A= inr at bs = 0, : = 0; in infinity A= 0. 


As a result we get: 


mi - 60% cos & tat é 
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With an estimate of equations (111.48) and (III.49) for the 


constituents of magnetic field above the ground surface we have the following - 


expressions: 00 é ‘ 
. avi cos 
He =i07 == 2 I { e Ct oc dt; 
a Pee: t+ oy J (111.51) 
y sin t 
H =-107 22 7 az Gat == dt. 
' 2 xX H t+ “/ + 4 


Integrals in equations (II1I.51) are showa in the form of series and 

* 

are determined by term-by-term livestetian” 
If the field is analysed at oe then in the indicated 


expansion, with sufficient accuracy for practical purpose, it is possible 


to be restricted to the first term only. 


Thus, far from the cable constituents HoH on the basis of 


equations (III.51) and (68) could be shown as: 


# =-10% +. Gai) 
(III.52) 


eee yor = 
Z PY ? £2 


BR 
{| 
» 
fr 


a 
i) 

t 
we 
Oo 

i] 
Ww 
(Fi 


If moduli \x,\ x | H,\ are compared, we get equation: 


a Vb? se bi +3 | 


iz (111.53) 


which testifies to the fact, that noauiue i, | decreases with distance r 
considerably faster than |, Therefore, in aerial electric prospecting 
by BDK method, when the investigation has to be carried out on as large 
aS possible area with one laying of cable, it would be more economical 
to measure constituent Hy and not Ho: 


(*) Integrals of type \ cos +F(+) dt and \ sin g tF(t) dt on 
@) 


0 


(Continued on bottom of the next page) 


- 95 - 


Experience shows, that in resolving the technical problems in aerial 
electric prospecting, it is sufficient to use the approximate formulas 
(III.52), which are true for the central profile with cable of infinite and 
finite length /68, 216/. In other cases it would be more rational to use 
precise formulas (III.51) or curves obtained on analogue specially for 


problems of aerial electric prospecting /4i/. 


6. The field of long-wave broadcasting stations and radio-stations 
of special designation. 


Methods of the high-frequency aerial electroprospecting (distant 
zone of sub-group with harmonic field) are based, as pointed out, on 
studying certain paremeters of electromagnetic fields, in particular of the 
fields of long-wave broadcasting radio-stetions and of other radio-stations 
within the area of investigation map. 

In geophysical aeroelectro-prospecting by radio-comparing and control 
the use is made of surface radio-waves, propagating above the ground 
surfacesand partially enveloping it due to diffraction. In certain 
conditions the effect of ionosphere and diffraction could be ignored, 


assuming, that the atmosphere is a uniform medium, and the ground surface 


(continued from the back page) 
condition, that function F(t) and its derivatives are converted into zero 


at infinity, should be shown as (68): 
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flat. This permits to assume, that the propagation of radio-waves 
depends only on electrical properties of rocks composing section of 
earth crust, chosen for the geophysical investigations. 

Long radio-waves (in air Ag > 3000 m), applied in radio control 
method, are characterised by comparatively low absorption in the earth. 
Moreover, due to refraction they are capable of easily enveloping the 
earth surface. Starting from a distance of 60-200 km from the source, 
radio-waves are to a certain extent affected by space-wave, reflected from 
the layer of ionosphere, the altitude of which in day-time is 70 km, 
and at night - 85-90 km. At minor distances the surface wave is 
predominant. This permits to calculate the field's intensity from formulas 
of ideal radio-channel. 

The space-wave affects the field's intensity at the point of reception, 
which results in errors of non-geological origin. Usually at night the 
intensity of the field is higher than during the day. However, according 
to numerous data, the field is more stable during the morning and 
partially during the daylight hours, i.e., at the usuaul time of 
implementing aerogeophysical investigations, at 150-200 km from the source. 

The superlong waves, with frequencies less than 25 kcps with 
propagation at considerable distances are well reflected from the lower 
ionized layers both at sight and during the day. Due to this and minor 
damping with reflection from the earth this type of waves propagate to 
greater distances in the unique wave guide, formed by earth surface and 
ionosphere. The field of superlong waves is distinct by the stability of 
amplitude and phase. However, even in superlong waves their regular 
variation is evident with changing distance and transition from day to 
night. The significant positive quality of these waves is the possibility 


of deeper penetration into sea water. 


Results of investigating propagation of long and superlong: waves 
are given in detail in the work /173/; the obtained data should be 
estimated in aeroelectro-prospecting in distant zone. 

It may be assumed, that generally the problem of investigating 
propagation of radio-waves from the set properties of emitter is reduced 
to the #erro wine’ determination of the main initial parameters - 
location, thickness, actual height of antenna and emitter's wave length; 
study of the medium's properties along the selected track - conductivity > 
dielectric permeability € , magnetic permeability AA* and determination 
at reception point of intensity vectors of electric E end magnetic H 
fields (their amplitudes, phases, orientation in space, etc.), and also 
of Umov's and Pointing vector. 

Questions regarding theory of radio-waves propagation in application to 
some problems of geophysics have been analysed by Sommerfield, Van der Pol, 
V.A. Fok, L.I. Mandelstamp, P.D. Papalexi /149, 214/ and others. The more 
detailed analysis of radio-waves propagation and anomalous changes of 
electromagnetic fields in application to ground and aerial electro- 
prospecting by radio-control method is given in works /201, 202/, 

Let us present briefly these most significant aspects of the theory 
of radio-waves propagation and characteristic features of electro-magnetic 
field at point of observation. 

It is well known, thet for surface radio-waves (long and medium) 


field intensity of radio-station signal at any point of the wave zone, 


*It is assumed, that within wave range, used for geophysical purposes, 


parameters ® € and # are not dependent on the signal frequency. 


situated within r kilometers from trensmitter with P kilowatt power, may 


be shown by Shuleikin- Van der Pol formula /72/: 


B= 24. : PD ou, & V/H, (111.54) 


where D - directive gain of antenna;  - dimensionless multiplier, 
characterizing energy absorption of electromagnetic waves and dependent on 
wave length and the nature of absorbing. action of semi-conductive soil; if 
there are no loss of w=1. 


If there is an emitter in the shape of oscillater on transmitting side, 


field density could be determined from the following type of relation 


/247/: 


120 hI, 
c Aor 


where h, - virtual altitude of oscillator, km; I 


cos HNV/H, (III.55) 


ti 
! 


ie highest intensity of 
current in oscillator, a; 6 - angular height of the observation point in 
respect of oscillator. 

From this relation it follows, that the field in distant (wave) zone 
decreases inversely proportional to distance from its source. 

Geophysical investigations by radio control method are conducted within 
a limited area with base points and at considerable distance from the source 
of electromagnetic field. In this case the electromagnetic wave in the area 
of investigations may be taken as plane wave. 

In medium with certain conductivity () and permeability © the 


field decreases with increasing distance from its source according to 


exponential decay: 


2 Jit Br 


c Oo 
= Boe sin O (t — — 1); (III.56) 
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c on 
H = Hoe sin (Y(t - r). 


where coefficients vf phase and damping respectively will be /15f 
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p= Vyen~a tai ee, 


oD = working circular frequency. 


(III ,57) 


Omitting in equations (III.56) the time multiple and bringing in 


absorption factor: 
L 


b - Ait f : (111.58) 


we arrive at the well know relations /18, 202, 247/: 


=— -br; 
i= 259 (III .59) 
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Since oo - propagation velocity of electromagnetic wave in direction 


of propagation, 


-% a A (IZ1.60) 


where c - velocity of light, km/sec, then equation (£11.60) determines 


the length of electromagnetic wave in medium: 


Mc pM as eye ee (III.61) 
f of ot 


ef ef 


is equivalent to ratio of conductivity current to displacement current in 


Parameter © = x - 2 So) in formlas for factors oc and p 


medium under investigation. 


24. . 


ae 1, the medium may be taken as conductive. When 


If 


20 ¢ 1, the medium in its properties appreaches dielectric. 
The absorption factors for plane wave and velocity of its 


propagation vs. frequency f and conductivity fat constant and known 


value & (for rocks € * 10) are given in /200, 202/. 

In the presence of two media ~ uniform and isotropic, the nature of 
plane changes. The earth-air interface introduces certain distortions into 
electromagnetic wave front, i.e. one portion of it is reflected from the 
interface, and another is refraced and passes inward of the second mediun. 
This results in changing orientation of vectors Band H in respect of 
interface, moreover, there will be two extreme cases of their orientation. 

The first case - vector E lies within a plane, which passes through 
Umov-Pointing vector and is perpendicular to interface. In this case 
there is normal polarization or polarization within the propagation plane. 

Second case - vector H lies within a plane passing through Umov- 
Pointing vector and perpendicular to the plane of interface. Here the 
polarization is abnormal, i.e. perpendicular to propagation plane. 

The intermediate cases of polarization could be easily reduced to above 
two extreme cases by expanding vectors E and H on two axes. For 
geophysical investigations in distant zone the application is of normal or 
near to normal polarization. 

Analysis of two extreme cases of change in orientation of vectors 
E and H snows, that with high angle (p between the vertical (line 02) and 
the trend of incident wave, amplitudes of reflected waves are alnost 
equivalent to those on incident, and the phase shift between them strives 
towards 180°, Investigations of fields of remote radio stations confirm 
the indicated theoretical deductions. 

For normally polarized wave in air medium of distant zone the following 
relation is true between the horizontal EY and vertical E. components of 


electric field density vector: 
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eae a 
E, ae (III. 62) 


where the term under the root - composite dielectric permeability of 
medium (the index 2 refers to earth medium). 


Assuming, that for the air = 1 end Al =1(75), we have 


H =- 
y Z 
If the predominant within the earth are the displacement currents, then 


/8,. / 


‘ (III. 63) 


/ z,./ = 1 (III. 64) 
Vea 2 
and if the conductive, then 
as (III. 65) 


> ss 
E 
1 = Zz ” 
ate, 
f 
where index 1 refers to air mediun. 


Thus amplitude ratio is 
/ 2, / 


— - Bee (III. 66) 


“i 


and the phases will be shifted at an angle of 45°, which is natural to the 


usual geological environment at these wave lengths. 

Theoretical investigations show, that with adopted initial conditions 
(infinite extension, uniformity and isotropy of media) the vertical 
component of the electric field density vector is greater than horizontal 
at the air-earth interface. Therefore, the electromagnetic wave may be 


assumed to be plane-polarized * /162/. In this case vector B on the surface 


*The meaning of the term "plane" wave is the fact, that at any plane z = const 
at a given time instant the phase of the process is constant, i.e. the 


oscillations throughout the plane are cephasal. 
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of earth is inclined forward at an angle: 


§ = arcte — = arctg V a te ‘ (III.67) 


‘om 
Z .Y 
1 


Phe relations (III.64) - (111.67) permit to draw some very 
significant conclusions for geophysical survey. ‘ 

1. The Umov-Fointing vector, rigidly horizontal with propagation 
along the ideally conductive surface, in the presence of conductive 
anomalies acquires a vertical component, directed downward. 

2. If in normal field horizontal component of electric field density 
vector is low, then in the presente of conductive snomaly.it considerably 
increases. This permits to enhance the depth of investigations, es the 
reaction of conductive body within the earth, shown by variations of 
horizontal component, will seem more clearly defined on the background of 
the lower value of primary magnetic field. 

3. within the earth the horizontal component of the electric field 


density vector, i.e. E “Ee is predominant. 
coe Te 


4. From formula (III.67) it follows, that the slope of wave front, 
and therefore the loss within the earth increase with increasing frequency 
f and decrement of conductivity (due to increase of induction currents, 
which hamper penetration of electromagnetic energy within the earth. 

The magnetic constituent of electromagnetic field in normal conditions 
(i.e. in a uniform half-space) is always rigidly horizontal, regardless of 
the conductivity of rocks. ‘he vertical constituent of magnetic field is 
even in a greater degree than horizontal component of electric field, will 


be free of the primary field effectu/202/...Since vector His horizontal, 
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the: Umov-Pointing vector is vertical and directed downward.- The 
amplitude decrease-of electric and magnetic components of Umov-Pointing 
vector with depth occurs in the same way as in the eae of unlimited 
space. It should be mentioned, that the slope of wave front is above the 
earth surface upto altitude in the order of 2-3 X,: Higher up vector 
E ‘acquires an exactly vertical direction. 

If the application is of horizontal oscillator, then on the flat 
surface of ideally conductive earth the intensity of electric field could 
be determined from the following formulas: 


horizontal component in equatorial plane 


ito qh I AGES 
B= ee , XBAI, (III .68) 
where vy and T° altitude respectively of tlie radtation and reception 
points, km; 


vertical component within the wave area 


cee oO Be (111.69) 
Aer \/% 
where & > - composite dielectric constant of the top layers of earth 


crust, determinable from relation 


E= £(1+9 eG? (III.70) 


(> - angle between direction to observation point and the perpendicular 
to axis of horizontal oscillator. 
~ With considerable removal from transmitter the vertical component is 
many times greater than horizontal and is used as an object of investigations in 
geophysical aeroelectric prospecting. 


As has been pointed out, the radio-wave with passage above the earth 


2! 904) <= 


surface becomes partially damped, as in actual conditions the rocks along 
the propagation path of the radio-wave have a finite conductivity. In this 
case the damping of radio-wave is accounted for by introduction of a special 
factor or the absorption function 1 (rhe), which depends on distance to 


field emitter, electric properties of rocks and frequency of oscillations: 
B=Ei,(p)= eo Fas a ee (121.71) 


where A - certain constant quantity. 
Parameter rho, which characterises the absorption function, is 


denoted as numerical distance ond is determinable by relation /202/: 


ral é.- 1) + (4h)? 


: = Sr. (III.72) 
2 2 
Ale’ + ( it) J 
if i. ..Sineecin:rotksiinvariably-it. 01; theno. 2 be oP Ler bas, 
(III.72a) 


/ A “Ve es) 


If the predominant within the earth are the currents of displacement, 


i.e. pty. Re 1, then 


= a ' sar Pa (III.72b) 
But if (2 , then 
ef 
p _ —dit: er ile 
Ap 20 (III.72c) 


lhe numerical distance is determinable from formulas or by means of 
special, previously calculated, curves /202/. For determination of function 


I (rho) it is possible to use also the approximate equation 


_ 2+ 0.39 
a re p+ 0,662 (111.73). 


CHAPTER IV - SOME DATA RaGARDING NORMAL AND ANCHALCUS 
FIELDS AND PRACTICAL RSSULTS OF SURVEY, 


1. Normal field in serial methods-of the near zone. 


The gecelectric irregularities of the top layers of the earth crust 
are always disposed within the surrounding rocks (or media), which are, 
with rare exceptions, conductive laminations distortingthe artificially 
generated primary field and cause the appearance of so called false 
anomalies. Therefore, in aerial electro-prospecting, same as in the ground 
one, a field has to be operuted, which is a sum of: the field of primary 
field source and of the field, generated by cover deposits of the earth 
surface. This field is denoted as normal, assuming that it is actually 
normal only in the absence of the disturbing object - the subject of 
geophysical investigation. In other conditions, an anomalous field, 
generated by the primary field source, cover deposits and conductive object 
will exist. Therefore, in aerial methods of the near zone, meant 
inveriably for detecting and investigating the local geoelectric 
irregularities (metallization, ore bodies etc.), the normal is taken to be 
the field above a medium, not containing these irregularities, i.e. 


an 7 Hy + Hed. 


(IV.1) 

From the analysis data of normal fields in aerial electro-prospecting 
it is possible to obtain some information regarding the effect of surrounding 
medium on the anomalous field and to determine the nature of false 
anomalies, emerging due to variation (along the survey profile) of the 
surrounding medium's parameters. 

Calculations of the field, reflected from the earth surface (surrounding 
medium) component of normal field in aerial methods of the near zone, - 


same as calculations of anomalous fields, require highly complex mathematical 


computations, The pertinent investigations were conducted in the Soviet 


- 106 - 


Union, 2s well as in other countries and are sufficiently well 
elucideted in (38,47). | 

Let's take as an example the pattern of induction method of aerial 
electric prospecting with the source and detector of the field spread out 
in space. The most simple case of the surrounding medium generating in 
the presence of primary field source (magnetic dipole or any other source) 
normal field, is the uniform half-space. In this case two very rigid 
limitetions are applied to the surrounding medium: the conductivity is 
assumed to be zero, and the primary field is taken as uniform (i.e. Hy = 
const). ‘The first limitation determines the second, since from haxwell's 
equations (see para.i chept. III) it follows, that rot H = y BE, i.e. 
the uniform field is only possible at y = 0. 

In actual conditions the conductivity of the surrounding medium is 
glways different from zero, and the utilized fields are non-uniform and only 
in a few cases are near to them. The admissible simplifications ( y med. 
2 0; H, o~:const) permit a wnole series of typical specifications in 
the induction metnod of aerial electric prospecting being defined and 
analysed. 

Let the source of primary field be at altitude h above th uniform 
half-space with the conductivity of the medium y (or its specific 
resistivity 9 ). The surface of half-space we take as plane z = 0 (Fig.34). 
In the case of magnetic dipole with harmonic current by reading of field 
phase from the current phase in the source it is possible to assume 


{see paral, chapt. III), that 


E =Eel@*, x =He 5 
a mn n m 
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In this the applied fields satisfy Maxwell's equations, which we 


write as 
- —— 
rot H = j = E; (IvV.2) 
0 

rot B=- jk Hi 

div H = 0; 

div E = 0. 

be an Us =} 

where k - wave number in the air, k = ky rer 3 km ~, at 2 > Oy 


Ses Anig. jepedO?s gd = rer 
k= ky oe (1 - 3) xo flO p f » km, at2Z0(P- specific resistivity 


ohm mn, f - field frequency, cps) (69). 


The components of electromagnetic field H and B could be shown in 


terms of Hort2 magnetic vector n » which is a function of coordinates and 


time and fully depicts the electric and magnetic sides of the wave precess. 


Nig. 34. 


— 


Vector [fT is subject to wave equation (52), which ensues from the 
first Maxwell equation for the case of ideal dielectric (v = c; %, pt = +2) : 
Therefore, it is possible to write 

Afi + x Me o. (IV.3) 


where k = k) at 2 “>0; k=k, at za o. 


By 
At the location point of the field's source (r = 0, z = h) Rertz 


vector has this feature: nN wt, while on the interface the marginal 
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as a n 
conditions are maintained as a continuity of nM and e as 


Assuming that in the cylindrical coordinates { z, r, &) the 
conducting medium takes up half-space z <_0, and its boundary coincides with 
plane z = 0 (see Fig.34), let the magnetic field source also be in the area 
z=h>0Q. The intermediate zone ( 0L 2H h) is taken up by non-conductive 
and non-magnetic medium (air). In this case waster 1 for vertical nagnetic 
dipole could be shown in terms of integrals from the fundamental functions 


of the set problem (69): 


on 
TT] = \ Jar) e -Va" wk (2-h) > ik ae sal + 
Nae Var - 


ri) Q 
c Yo? ~ x2(esh)., \ oh 
-Vq° — k(e 
+ \ J, (ar) e 0 Ha) faze at z> 0; (1V.4) 
G ——— 
2,2 22 
KT = e J far) eva py ark,  (q) aca at zZ.0. 
: ToS 


where J (ar) - Bessel's function of the first series of zero order from 
argument qr; q - factor of damping in direction r; vq?-«? - factor of 
damping in direction a; f(q) anaP(q) - functions determinable by marginal 


conditions. 


Substituting these terms in marginal conditions, we get the initial 


equations for the determination of functions f(q) and P(q): 


1+ f£(q) =p(a); Yorn? (3 - t(q)] = V2 pq). 


Hence fora 7 2 2 
f(a) = ==3 (1¥.5) 
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a 


Substituting the obtained values f(q) and P(q) in formulas (IV.4), 


we find 


fr=2+—2— * 


(sy yee ote ge Vie?-1p) a8 
+ ovare 


t 250; 
2.2 EX WE: = 


c Var z -Va2-xg h 
lM = 2 J (ar) e 
0 


.-(IV.6) 


; 34 at zZ0. 
2; 2,2 
q “ky + vA “Kk, 


where R = V2 - h) 7+ — 


By plating k =0, we obtain the terms for the determination of 


constituents of the magnetic field ( He = 0) in quasistationary zone: 


nae 
Hs a, {s (qr) eaee) a Va? gag |; (av. 
R? : a I 

o qa +Va “I 
H = 


a+Va -k 


= friegtat | zh aie (qr) eal th) a- Va" ; q“dq (1V.8) 


If for the unit of length (distance) we take the wave length in earth 


{10 
Ke Sew LS lop f=10" PM 


Rey 3330? 


and replace in integrals (1V.7) and (IV.8) the variable q = 


will be converted to dimensionless distances é i= A and H Eo “~A A 


As a result we obtain: 
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H=n 3r(z —h) + Vie ( J evens, wen 2Ve rhe Vie | ; 


i R? A} : t+eV to 45 
zy = 
i .--(IV.9)} 
“>| 2( zon) "gt » ie x \ s,(eveae, t) e -2 Van t, t a can + i tat . 
R 0 t+Vt + J 


Assuming that the field detector is situated at point P at 
invariable distance R = V (z - h)? + r from the point source of the 
refledted field, which is at point 0, and denoting by the angle between 
the vertical and the straight connecting source and field detector 


‘(see Fig.34), we get 


2-h=-R cos4; 2+h= 2-R cosh; r=R sink. 


In this case formules (IV.9) will have the following appearance: 


a 
ye = 
{ 16 V2 J (ever sind t) Ps ~2V202h R cos&é ra Ae tot. 
Kr 3 A tat 
c t+ Vt +3 
H = { DO. + 1.5 cos & 
Z | ok ...(IV.10) 


v2 Mia = “y : 2 
oe fs, (2Var sindt) e7? V2 2hoR cos # eo 424 j 2 '\ 
ma a ie todt 
A tev + j { 
The first terms in formulas (IV.10) are the constituents of the 


primary field dipole, the second — those of the reflected field. 


The variation nature of constituents Hy and H of the primary 


lz 
field is shown in relative units to distance R and angle in Fig.35. The 
actual Re and imaginatory. Im portions of both the constituents of the 


reflected field are shown in relation to@ and AatR =100n and h = 150 m 


ao cers 60 _W, J -toL 
ee ee er be St “degrees tr et ce ee we 
Fig.35 | 
| .¢ 
Re, -ImHp | 
Gie 
: 0,0 
* Q08 
- 
Qps 
d Ge { 
| 
0 0 30 60 a, degree 


in Fig.36 and 37 respectively (69). According to these figures, the 

: : * 
primary field is considerably larger than the reflected a ) which decreases 
with the increasing wave length in earth A » ise@e with increment of specific 


resistivity. 


The magnitude of the reflected field is affected during the sutvey 
by decrement of sp. resistivity of the surface layers of earth, which 
thereby determine the useful signal, i.e. the anomalous effect in aerial 


electric prospecting. 


The curves in Figs.35-37 show that at the high altitude of survey the 


effect of the uniform earth surface is negligible. With low altitudes of 


(*) the field densities on curves, in a/t, can be obtained by multiplying 


them by factor 4vt.107)? ISw, where I - current, a; S - area, a 
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150-200 m this effect is quite perceptible and the magnitude of the 
reflected field is composed of several percents of the primary one. The 
altitude of flight along the survey route affects the magnitude of the 
reflected field, thereby causing interference during the measurements. The 
altitude variation of the flight is equivalent to the cmergence of anomalous 
field variations ( the reflected field attains 10-15% of the primary, i.e., 
it is of the same order with the anomalous field the magnitude of which is 
determined by the presence of insignificant geoelectric irregularities). 
Therefore, maintenance of a constant altitude of survey in relation to the 
earth surface determinegto a considerable degree the quality of results 


obtained in aerial electroprospecting. 


2. Anomelous fields in near zone methods. 


In the aerial methods of the near zone, the anomalous (or secondary) 
field is that due to the presence in the top layers of the earth crust of 
Mainly local geoelectric irregularities. It is determined by electrical 
parameters of the geoelectric irregularities, its shape (sphere, cylinder, 
plate, seniplate, etc.) and size, working frequency and the type of set up 
applied for the near zone method. Thus, the estimate of anomalous field 
is a very difficult problem, depending on many factors. For some forms 
of geoelectric irregularity, likely to be met with in practive, and a 
number of patterns for the aerial method of the near zone, for instance, the 


induction method, these problems are resolved in (69, 75, 239, 251). 


Let us take the general case of determination of a secondary field 
of the simplest, most frequently encountered type of the conductive body - 
a sphere of radius a. * 


In the center 0 of spherical coordinates we place the spherical 


conductor of radius a, and at point Of - the primary field source, for 
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instance, the magnetic dipole m with an arbitrary trend of magnetic moment. 
The distance between the center of the sphere and dipole we take equal to 
b. The surrounding sphere, enclosing the medium for conveniences of 


calculations, we will assume as the ideal dielectric (y= OF ha = 1). Axis 


wh 
oe 


30 fo a, degrees 
Fig.37 


0Z we direct through point 0', axis OX ~- along the projection of the dipole 


moment onto plane XOY (Fig.38). 


The magnetic dipole with an arbitrary trend of magnetic moment 
could be extended into two dipoles - transverse n (rm, parallel to plane 


XOY, and vertical (radial) m (p), directed along szis OZ. Each dipole 


~114- 


generates at point P corresponding constituents of the secondary field, 


2 
which could be shown as quickly-converging series at ratio 2—Z1 (63). 


For the vertical dipole m(p) we have two constituents of the 
secondary field-radial H.. and tangential Eo5) which are determinable by 


the following relations (63, 185, 261): 


uP) _ _ opm a ) Prats ee oe 
op ee). Farber |e be ee OE 
a4 i (IV,12) 
+3 33 (5 cos © = 3) 2098+ vreeeseee |i 
br 
y SP) = - Dm 3 3 in 9 {| 146 a” cos @ + 
20 =~ ™(p) 4to’r? & br 
9 at 2 
+5 -° 39 (5 cos” 9 - 1) + eeeeee] ; (IV.12) 
br 
H'P) _, (Iv.13 ) 


20 
where D -— composite factor, determinable by the conductive body parameter 
vaViy pwd (251). 

The first terms of expansion characterise the field of magnetic 


a> 
dipole with moment on (oy ne » provisionally placed in the center of the 
4Xb 


conductive sphere and oriented on axis 0Z opposite to the exciting dipole 
with moment n( ) . The other terms of expansion:- fields of magnetic 
multidipoles, which quickly attenuate, if the source and observation point 


are sufficiently distant from the center of the sphere. 


For the transverse dipole M7) 
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a3 2 
aM) = Dm.) Gy bore cos gin 0 [2 +6 be 008 9 + 
a4 2 
+ 2° p22 (5 cos O- 1) t+ cee | 3 eeee(IV.14) 
Tr 
a(n) =-4 oe cos cos @ + yes cos 20 + 
pee aes (| Lee si br 
a4 2 
+2-33 (15 cos© 9 - 11)*... | ; +++ -(IV.15) 
2 br 
2 
(n) _ 4 ar ee a 
nee = Da a) PE singP}|l + 4 br C08 O+ 
g at 2 
a acs oe AS cos’ @- 1) + ... . ..-.(1V.16) 
br 


In formulas (IV.14)-(IV.16) the first terms of expansion also 
charecterise the field of magnetic dipole, conventionally placed in the 
center of the conductive sphere and oriented along the line OX opposite to 
the exciting field of transversal dipole. The moment of this dipole is half 
— (transverse dipole generates in the 


47d 
center of the conductive sphere half the field density). 


that of the radial and is + Day ) 


Equations (IV.11)-(IV.16) werc obtained on the assumption that the 
sphere is a good conductor, the radius of the sphere is small as compared 
to the wave length of the exciting field in confining nediun (A>, and 
the source of the field (magnetic dipole) is at a distance from the sphere 
which is less then the wave length in medium (AS vo, A ‘Dr). With the 
frequencies used in aerial electroprospecting and the resistivity of 
enclosing medium upto hundreds and thousands of ohn/n, these conditions 


are fully satisfied. 
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If the direction of the magnetic dipole moment m of the fisld's 


source coincides with plane ZOY, the azimuthal component of transverse dipole 
i 

a(t) 
20 


7 ral 
will have only two constituents - uf CD jana a? ) 


converts into zero; hence, the transverse dipole, same as the radial, 


The convergence of the series of given expansions is determinable 
a2 


br * 


by ratio The higher is the denominator, the quicker is the 


convergence of the series. 

Therefore, with the sphere considerably remote from the source of 
the primary field and from the location point of the field detector 
(observation point) the number of terms in each series could be reduced, for 
instance, to one (the first). This is true, if the dimensions of the sphere 
comprise two-three scores of meters, and the distance upto the point of 
observation is over 50 mn. This assumption is almost always fulfilled in 
aerial electroprospecting by the method of the nezr zone. In this case, the 
primary field may also be taken as uniform. With these assumptions formulas 


(IV.11)-(1V.15) take the following form: 


BP) - 2 Dan) one cos 0; »eee(IV.17) 
BSP) pw, - Day.) =a sin 0 ; +++. (IV.18) 
aS) a Dm 5) ere. ain © ; «+e (1V,19) 
16S cee 4D, ar) oo cos 8. eee (EVe20) 
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In the determination of the secondary field in the aerial induction 
method from formulas (Iv.11)-(IV.16) and (IV.17)~(IV.20) the divergence does 


not exceed more than a few per cent. 


If it is assumed that the primary magnetic field Hy) is uniform 
and vertical (i.e. the fields lines of the force are parallel to axis 02Z) 
and the spherical conductor of the radius a lies in non-conductive medium 
(see Fig.38), then formulas for the constituents of the resultant field at 
the point of its reception are determined by the well known relations (185, 


189, 251), obtainable from approximate formulas (IV.17)-(IV.18): 


3 
H=8,(1- 1 weeny: ... (IV. 22) 
Cc 4Tr 
pa 
H,=-H, (1- 5 ) sin 9; eee (IV, 22) 
0 8 Tr 
Hip = 0. veee (IV. 23) 


The transition from spherical coordinates to the Cartesian for the 
determination of vertical and horizontal components of the secondary and 
resultant fields, usually perceived by field detectors in the setup of the seria 


induction method, does not present any difficulties ( see para 2, chapt.V). 


For non-isometric bodies the estimate of secondary fields is 
more difficult (77, 251). However, with certain allowances it may be 
simplified. For example, if it is assumed that the cylindrical conductor 
of radius and finite extent is situated in the non-conductive medium 


(y= 0) and is excited by the uniform field i, = fi , the formulas for 
0 0 


the determination of components the resultant field at reception point will 


be written as simple relations. 
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Let us place the origin of cylindrical coordinates on the axis of 
the circular cylinder and direct axis OZ parallel to the moment of the 
oscillating dipole, as shown in Fig.39. Let us assume also that the reception 
point P with coordinates r and lies in plane ZOY. In this case the 


field's components at point P will be written as (185, 251): 


vaee(IV¥. 24) 
a2 

H =H, (1-T—3—) sing; oee0(IV.25) 
0 r 

ba = QO. ooee( IV. 26) 


Here function T - composite quantity (98, 172). 


1,(v) 


. =I): eee e (IV. 27) 


~2 ms 


For the horizontal and vertical components of the secondary field 


we get the following terms 
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—~ Ut cp 
Ho, = Hoy "2p 
wes (28) 
— Fie " 
Hoy = Hee + Hy 
t tt 
where H,. = Ho. sing; Ho. = H... cos f ; 
1 it 
Hops Hy pcos Ps H, = Hy sin é 
Hence 
Ho, =H, sing- Ho cos Pi Hoy = Eo. cos p+ Hop sin. Pp. 
After substitution of H,.. and HO taken from formulas (IV.24) and 
(IV.25), we get 
ae 
ee 2 sin 2 Q~; (Iv. 29) 
a2 
Ao, =H I ie cos 2 cp). . (IV. 30) 


The components of the resulting field will be 


Ho oH, = His + Ho. and a = Hy = Hay + Hoy 


In the same way the analysis of the anomalous secondary fields in 
patterns of aerial induction method for bodies of other shapes is carried 


out (38, 75, 172). 


3. Anomalous and normal fields in BDK method (infinitely long 
cable method 


In the BDK method the field of the exciter source - long grounded 
cable - in principle determines the normal field also. To take the latter 
as a sum of source fields and as caused by the cover deposits of the earth 
aurface, as is done for the near zone methods (see para 1, chapt. Iv), has 
apparently no sense in the BLK method. Therefore, to describe the behavior 
of the normal field in the BDK method it is possible to use relations, 
given in work (68), or formulas (III.51), (111.52). Let us write them down 


in a simplified form (42, 48, 75) 6 
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53/52 
In the cable zone, where x > eh ar amplitudes of components 
Hs He and the corresponding phase angles PH, »‘PH will be determined in 
the Gartesian coordinates, on the basis of equations (III.52), by the following 


relations: 


e 2 
H =1.13 + V—= . 10 4 Oi; 


x 
Hs o.8 & Hh + ney Pe: = ‘ 107, H/ys eee e (IV.31) 
Z oo 8 f f 
WH, = - arctg 1, pad; 
/2 
PH, = arctg (1+ 0.5 fy. pad. 


A 


Thus, the field density of the long cable depends on the current 
intensity I, its frequency f, resistivity of the sie OP eae distance 
from the cable x.. The intensity of the field vs. altitude of survey z is 
defined in the first approximation by the behavior of characteristics 
H, and VH,. 

From equations (IV.31) it follows that the phase characteristic 
PH, =2iTin the middle zone of the cable field does not depend on field 
parameters. But the phase characteristic PH depends on ‘altitude, resisti- 


vity of the earth and frequency. 


Therefore, with the removal from the cable the normai field of 
horizontal component HY dampens more slowly than the normal field of component 
Hoi thus it is possible with a certain response of the measuring instruments 


to withdraw to a considerable distance from the cable. 


(*) Here bedides the resistance of the cable wire, the intermediate 


resistance of the grounding electrodes is also taken into consideration, 
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In the determination of parameters of the measuring instruments, it 
is necessary to know the minimum densities ofthe fields'in various geological 
conditions in a given frequency band and nominal (attainable in field 
conditions) cable current. These parameters may be determined from formulas 
{III.52) or from curves given in (69, 89, 216). One of these curves is 


4 om. M, 


known in Fig.40, where the variation range of © is taken from 10 to 10 
the operating frequency 1000 cps, and the nearest to cable zone (x 2 2-5 kon 
depending on f) is plotted from more exact formulas than (IV.31). 

From Fig.40 it follows that with the increment of P within the 


indicated limits, i.e. 10° 


times, the field HL increases approximately 30-40 
times in distance from cable zone. It is interesting to note that at a 
distance of 10-20 km from the cable at I= 19, f = 1000 pes and p = 10 OM. M 


the amplitude of H, comprises only about 107? &/m, 


Fige4l shows the variation curves of horizontal components at 
5 km length of the cable obtained by calculations (1) and experiments (2.3) 


and showing applicetion limits of formula (IV.31). 


The normal field of the cable is characterised by the variation of 


its gradient It is well known that, on the operation profile, the 


x 
x” 
gradient varies on an average from 107° B fay? near the cable to 107? & /m? far 
from it (89). This causes some difficulties in devising measuring 
instruments, specially these withanglosue recording of parameters (89, 103). 
Due to the restricted quick-action of wralogue recorders it ia very difficult to 
ensure (even at the minimum speed of the flight) the normal amplitude 
recording of the cable field in the near zone, where its gradient is 
comparatively high. The same is evident during the component and phase 


(*) 


measuring’ . Therefore, in aerial electric prospecting by the BDK method 


(*) Phase gradient comprises on an average 50-90 degr/kmn close to the cable, 


gradtally reducing to several degrees per 1 km in distance from the cable zone. 
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(*) 
there is an existence of the so called "non-operative" zone not over 


1 km in width at both sides of the cable. 
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i Fig 40 - 
The normal and anomalous fields of the cable generally depend on 


frequency in a very complex manner. The same regular behavior of normal 


fields above a uniform lower half-space is that with the increment of 
frequency the zone of comparatively high gradients of the magnetic field 
parameters becomes gradually narrower on approaching the cable. In ths 


middle zone, where formulas (IV.31) held true, the component A. decreases 


a a a a a a ER RE 
(*) The "non-operative" zone may be excluded in the use of instruments with 


a@igital quick-acting registers. 
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cv 
decreases with the rising frequency in inverse preportion to fr, In the 
~ game zone with a uniform lower half-space phase responsePH | is independent 


of frequency. 


Thus, according to the regularities pointed out, the sensitivity of 
’ measuring devices to the magnetic field in the BDK method should vary due to 
considerable and irregular variation of the normal field density with 
increasing distance from the cable. Moreover, with the rise of the operating 


frequencies, the sensitivity of devices should increase. 
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With the varying excitation frequency of the primary field, the 


anomalous fields are characterised by even more complex relationships than 
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the normal ones. Anomaly component, amplitudes and phases have diverse 
relationships due to their dissimilar frequency response. Given below, as 
an example are the anomalies of amplitude HL and phasepH, vs. frequency f, 


obtained in the actual survey conditiona (216): 


Frequency, cps..... 244 488 976 1952 
Amplitude anomaly, %.. 55 28 24 31 
Phase anomaly, degr...... 25.2 18.6 13.2 13 


According to these data, side by side with the usual decrement of 
anomaly with the rise of frequency within the 244-976 cps band, there is 
evidence of its amplitude increment on frequency 1952 cps. Because of 
this optimum, frequencies have to be selected for each geological area in order 
to obtain high effectivity of aerial electric prospecting by the BDK method. 
Hence in the development of devices, provision should be made for multi- 


frequency principle of field investigations (89, 108,216, 251). 


The altitude of survey is also of importance in the BDK method. 
However, its effect on survey results is considerably less than in the near 
zone method. The comparatively low relation of anomaly to altitude is 
explained by the fact that the cable field in zone ry Vek is actually 


a plane wave front (38). 


Experience shows that, in prospecting by the BDK method the 
anomalies are very well defined upto 100 m altitude, gradually damping at 


an altitude of 300 m and above, 


The normal cable field HL at altitude range 50-300 mn, retains its 
value for a whole number of geological sreas with an error of less than 10%, 
With increasing altitude of survey the width of the anomaly of field 


parameters increases. Therefore, in the actual conditions, the altitude 
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of flight rarely exceeds 150 m (216, 218). As an example, showing variation 
of amplitude-phase response of the field vs. altitude, Table 2 gives the 


data of amplitude anomaly above a sulphide deposit (216). 


TABLE 2 
Earth-sruface frequ e nc y, cps 
field detec- O76 
tor distance : 244 : : 
- Amplitude Width of anomaly | Amplitude Width of 
anomaly % D anomaly ,% anomaly m 
35 57 230 64 300 
100 21 270 35 3510 
200 16 350 24 400 
300 1l 3380 11 480 
4. Results of Survey by Induction Method. 


Operations in Maidan-Vila area (Khmelnitsky region) with 
ALRIS apparatus. 


The first experimental method-testing operations with the ARIS 
apparatus for aerial electric prospecting by the induction method were 
conducted in May-June, 1959. The exploratory possibilities of the aerial 
induction method were checked in Maidan-Villa area on the section of 
graphitized-gneiss deposits. This section is situated on the north-western 
edge of the Ukrainian crystalline massif, where the crystalline basement 
rocks in the form of granite ( ( = 500-1000 ohm/m), pitching westward, are 
over lain by sedimentary formations of Paleozeic, Mesozoic and Cenozoic 
ages. Deposits of graphitized gneiss, containing 2-4% of graphite, have low 
resistivity (ohm units/m) and occur in the section in the form of several 
layers 5-40 m in thickness with steep dipping. The main band of graphitized 
gneiss was 1000-1500 m in width and 20 km in length. Sedimentary deposits, 
shown by sandy-argiliaceous formations with average p = 30-50 ohm/m, have 


thickness in the operation area from 10 to 40m (216). In spite of the 
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presence of graphitized gneiss with high conductivity as disturbing objects, 
shielding the lower bedrocks, hinder effective application in this section 
of the aerial induction method. However, due to the near base, where the 
apparatus for this method is being developed, this area was nevertheless 


selected for the initial experiments and method-testing. 


The flights of plane with the AERIS apparatus were carried out along 
previously chosen profiles with marked prominent features. In flying past 
these, the operators on a signal from the navigator marked them on tapes of 
registers. To obtain authentic data, the flights were conducted in calm 
weather early in the morning, when the bumping of the gondola was practically 
imperceptible. The altitude of flight was usually 150 m and was maintained 
by radio altimeter. Measurements along the sieetis were executed during 


straight and reverse flying. 


The testing of the exploratory effectivity of the method was divided 
into two stages: the first provided for testing on one frequency, the second 


simultaneously on two. 


In the single-frequency survey, the measuring was of the modulus, 
phase and reactive signal component at each operating frequency of devices, 
The measuring was executed both with the application of electric compensation 
of the primary field signal and without it. To check the operation stability 
of the apparatus and the correctness of the applied measuring technique, all 
recording was doubly repeated. Serving as control was the reproducibility 
of results with the same conditions of flight (samespeed, altitude, intensity 


of oscillating frame, etc.). 


During the field work it was found that the recorded curves of 


modulus, phase and reactive component of the signal showed also the zone of 
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graphitized gneiss and surface irregularities. The results of the second 
measuring in single-frequency survey showed little divergence from the first 
(see Fig.183). It was also found that the sensitivity of the method increase 
with three - and four-fold electric compensation of the primary field signal. 
Moreover, it was determined that the graphitized gneiss are more clearly marked 
on frequencies of devices 244, 488 and 976 cps. On frequencies 7812 and 3906 
cps the fixing is of surface irregularities (changing topography, peat, bogs, 
etc.). Thus the verification was obtained of the differentiation in frequen- 
cies of anomalies from conducting objects of the type of graphitized gneiss 


and surface irregularities, 


Method-testing and production operations with the AEKIS apparatus, 
were carried out in Kazkhstan and Southern Urals in June-September, 1959 


from the base of Jezkazgansky geophysical party of Kazgeofiztrest. 


The aim of experimenting, method and production testing was to 
check the possible application of the aerial induction method for explaration 


of ore deposits and geophysical mapping. 


The section of Jezkazgansky ore area, allotted for experiments, 
was broken up into profiles, situated parallel to each outer at l~2 km 
distance. The aerial geophysical survey was condutted in the following 
order: first in sections, investigated by the ground geophysical survey and 
the geological structure of the top layers of earth crust has been established; 
then in places of the given area, where the ground explorations have not so far 
been conducted or not on a full scale. The aerial geophysical survey by the 
induction method aimed at confirming the presence of known boundaries of 


the anomalous zones and to extend these boundaries. 
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The signals of the secondary field were measured by modulus, phase 
and reactive component. All the measurements were carried out with and 
without compensation of the primary field. The extent of compensation, as 
a rule, did not exceed 8-10 times. As an example, Fig.42 shows modulus 
recording curves of two adjacent profiles with different geological section 


( f = 488 cps, h = 150 m). 
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Fig.42 


In order to obtain the best results, the survey was condw ted 
during merning hours. The duration of the survey was on an average 3-3.5 
hrs. The length of the profile usually did not exceed 50-60 km, The 


geological results of the survey were found to be quite satisfactory. 


During the method-testing operations in the Southern Ural area, the 
selection was of copper pyrite deposit in an area of comparatively smooth 
relief. The ore bodies, which here have the shape of lenticular or sheet- 
like deposits of steep dipping, are confined to the brachianticlinal fold, 


defined on the surface as a low ridge, composed of secondary quartzites. 
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According to the data of ground investigations, the resistivity 
of the massive ore is very low, less than 1 ohn/m, and of impregnation ore — 
comparatively high, from 20-30 to 200-300 ohm/m. The resistivity of the 
surrounding rocks, depending on their composition and extent of metamorphisa- 
tion, varies from 300 to 2000 ohm/m. Loose deposits have resistivity of a few 


scores of ohm per nm. 


The flightconditions were the same as in the Jezkazgansky area. 
Fig.43 shows the survey results on one of the profiles ( a - modulus 


recording, b — phase recording altitude of flight 150 m). 
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Fig.43 


According to the given data, amplitude anomalies on operating 
frequencies comprise respectively 12; 24; 17; 16; and 11% of the normal 


field. The highest amplitude anomaly is evident on frequency 976 cps, and 
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in phase - on frequency 488 cps. It may be assumed that in this case the 
source of the first anomaly (middle of curve) is not the ore deposit itself 
(total shading), but to a considerable extent the supra ore zone (triangles) 
of oxidized ore and weathering crust material confining effusions. The second 
anomaly ( on the right side of the chart ) is formed by steeply-dipping 
layers of tuff of mixed composition and major thickness with parameters 
similar to those of the ore body. On higher frequencies, the shielding 


effect of detrital depositsis felt and the anomalies dampen. 


Thus, it is possible to state that aerial electric prospecting by 
the induction method can give positive results in the search for sulphide ore 
deposits. However, it is impossible to determine the cause of anomaly 
appearance by aerial electric prospecting alone. It would be necessary 
to carry out multi-frequency electric prospecting on the ground, as well as 
investigations by other methods of geophysical exploration (magnetic 


prospecting, gravity survey, etc.). 
Operations in the Aree of Maidan-ViljaStation with Devices I- 


The first tests of the AERI-2 devices were carried out in 
November-December, 1961. The geological environment of the area is charac- 
terised by the section shown in Fig.44-b (1-Neogene, 2-Gneiss, 3~-Granite, 
4-graphitized gneiss). The resistivity of detrttal deposits is upto 
100 ohn ms of graphitized gneiss - 1-10 ohm/m. On frequency 243 cps 
(Fig.44~a), in the survey with three-fold compensation of the primary 
field signal, clear results were obtained of anomalous zones on phase and 
reactive component curves. The zone of graphitized gneiss is marked 
on the diagrammatic tape by phase anomaly (<p) of about 10" and reactive 
component .(U ) of 30 mkw. Neogene deposits are marked by anomalous variations 


of phase within 15-25%, and of reactive component - 20-25 mkw. In the 
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survey without compensation on frequency 1949 cps, high values are evident 


above the Neogene deposits of measurable parameters (Fig.44~—b). 


Fig.44 


Fig.45 shows the recording of modulus Visas phase ¢P and reactive 
component ve with simultaneous double-frequency survey on frequencies 487 cps 
(continuous line I.=l &) and 1949 cps (dotted line, 1.=9 @) with two-fold 
compensation of the primary field signal ( h = 200 m, v = 250 km/hr in 
relatively calm weather). According to the data shown, the anomalous 
variations of the field are more defined on frequency 487 cps than on 
1949 cps. In the area of landmark "Traverse Maidan-Villa", the recording 
of all parameters shows anomaly, connected with the presence of a section 


of conductive graphitized gneiss. 
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Configuration of the curves, in repeated flights along the route, 
practically coincides. Fig.46 shows curves of repeated recordings on one 
route at frequency 487 cps (Ts = 10@) with three-fold compensation, which 
indicates satisfactory covergence of results, in particular of phase and 


reactive component, even with poor meteorological conditions. 
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Experimental Operations on Pyrite-Pyrrhotite deposit of Karelia (34) 


The geological environment of the indicated deposit is conductive 
to the application of electric prospecting methods; the ore zone is composed 
of highly conductive shales (graphitized and chlorite-aktinilitic), in 
which lenses of sulphuric ryrite, with resistivity of a few tenths of ohn/m 
and thickness 20-30 m occur. The surrounding crystalline rocks have 
resistivity of 1000 ohm/m. ‘The thickness of detrital deposits in the area 


does not exceed 5-10 m, and the resistivity of the detritus comprises about 
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200 ohm/m. The results of measuring in the section (frequency 487 cps 

with two-three-fold compensation) are shown by curves in Fig.47 (1-surrounding 
rocks, 2= ore zone). The survey route shown in Fig.47~a, is laid along 

the extent of the ore zone several km in length. Above the ore zone is an 
anomaly upto 100 mkw in amplitude (Ves. with general level of interference 
30-40 mkw. The phase variations are upto J-10°s the peaks of this variation 
are displaced in relation to the amplitude peaks on the modulus curve. 

The survey route, shown in Fig.47-b, runs accross the strike of the ore 


° 


zoneo but even in this case it is marked by amplitude (upto 50-70 mkw) . 


Fig.46 
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Method—testing in Kol'sky Peninsula (1962). The gecelectrical 


environment in sections of this area favors aerial electric prospecting. 

The overburden has resistivity 100-200 ohm/m, and the thickness is not 

over 10-20 m. The resistivity of bedrock is several thousands ohm/meters 

and even higher. The graphitized and chloritized shales and sulphidized rocks 


have resistivity about 10-30 ohm/n. 
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Fig.48 shows result curves of the geophysical survey on two fre- 


quencies (f) = 578 cps and f, = 1949 cps), implemented by the geophysical 
party of the Western geophysical tombine (33) with the AERI-2 devices (with 
compensation), and the geological section of the investigation area 

(1 - binary mica-schist; 2 - shaly amphibslite; 3 - dolomitized limestones; 
4 - undisturbed covers; 5 - basis gnd volcanic plastic rocks; 6 = basic 


effusives; 7 - assumed faults): - vertical component of 


Hiapr.’ Hoar. 
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primary field on frequencies ft) and f, respectively; He eoue equivalent 
intensity of the magnetic field, corresponding to compensating voltage 
input into compensating circuit; E. - geometrical difference between the 
= = r) 
resultant field and the field equivakent to compensating voltage, Hy = H -H Zz 


kohmm' where i - vertical component of the resulting field without 


compensation. 


According to these curves, the anomalous zones are defined most 
clearly on phase (uy), a little less so from the reactive component and 
negligibly in modulus. Moreover, in contrast to the modulus and reactive 
component the phase parameter depends less on the altitude of flight - the 
phase is well marked at the altitude of survey 150 and 200 mn. 

Anplysing the results of the survey in other sections of this area, 
it is easy to see that, on frequency 243 cps, the anomalous variations are 
marked only on phase and reactive component curves. On modulus curves, 
on higher frequencies (487 and 1949 cps), the fixed anomalies are connected 
with low resistivity rocks and have amplitudes 50-70 mkw. On the phase and 
reactive component curves, on frequencies 487 cps and higher, a great number 
of anomalies are defined, a portion of which conforms quite well with 
decreased values P. with symmetric profiling and low-ohmic rocks, The 
anomelies of surface objects are the most clearly defined on the phase 


curve on frequency 3898 cps. 


Thus the conclusion which may be drawn is that the aerial induction 
method makes it possible to separate within high-ohmic bedrock conductive 
beds with Cp= 1-10 ohm.m, i.e., sections with the possible presence of 
sulphide mineralization, and position mapping of graphitized gneiss, shales 


and other low-ohmic intrusions. 
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Field Operations with Apparature of VMP Devised by VITR (234). Methoc 

testing and production operations with these devices were conducted in a 

number of the country's areas. For instance, in Turkmenia, the operations 

were conducted to clarify the possibility of finding fresh water lens. The 
instruments were set up on planes LI-2 (operating frequencies 1225 cps and 

2450 cps, spread of planes 300-320 m, altitude of survey 150-180 m). The 
general survey results were positive - anomaly on frequency 1225 cps comprised 
3-4% of the primary field with interference upto 1%, on frequency 2450 cps 


- 6-7% with interference not over 2%, 


Field work with VMP devices was carried out also in Karelia. The 
object of the investigation were the zones of eraphitized shales with pyrite- 
pyrrhotite mineralization. Anomalous sections in the survey area were 


clearly defined; they were several times the level of interference. 


Good results were obtained in Karelia also with instruments set 
up on planes AN-2. Although the change in the type of plane caused a rise 
in the level of interference, the reduced altitude of the survey compensated 
for this rise. The results were checked by repeated flights along the 
same profiles. They were satisfactory with low anomalies and quite good 
with high (about 40-50% in amplitude and 30-40° in phase). It was noted 
that the intensity of anomalies increased with the run of profiles not 
perpendicular to the trend of the major geological structures, but at an 


angle of about 45°. 


Field Operations by Induction Method in Other Countries: 


N.P. Peterson in his work (66) throws some light on the results of 
theoretical, modelling and field (production) work, carried out by the 
serial induction method with devices constructed in 1947-1953 in Pinland 


and tested in 1954 in Canada by "Hanting". The apparatus is set up on a 
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twin-engine plane, the field detector - in outboard gondola. Operating 

frequencies comprise 400 and 2300 cps. The recording is of phase variation 
of the resultant field signal in relation to supporting voltage, taken off 
the oscillating frame. Normal altitude of flight 140-150 m with the length 


of wire-cable 130 n. 
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In Canada more than 5,00,000 km has been profiled by means of these 
devices. With only one set, 50 million tons of commercial ore has been 


found at the cost of survey 5 cents per ton of ore. 


Fig.49 shows curves of phase angle step-out ra @ abofe the clayotter 
deposit in New=Brunswick at different flight altitude ( 145, 1350 and 110 m). 
The deposit is composed of massive sulphide ores (75% sulphide and 25% quartz), 
vertical thickness of which is 24 m. On profile 30, the magnitude of. anomaly, 
reduced to altitude 120 m, comprises, with thickness of surface layer 8 n, 
2.6°, on profile 46 and 49 the results obtained were similar ( the anomalous 


body dips in the direction of the plane's flight). 
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The material of aerial survey is usually checked by aerial 
geophysical methods before it is finally processed by ground methods. 
For instance, the survey was conducted in an area of 440 sq.km and 
approximately one anomaly was defined per 1 sq.km. Interpretation of 
details decreased the number of possible anomalies to 250. Then these 
anomalies were classified according to aeromagnetic data with the object 
of sulphide ore exploration. 120 anomalies were investigated by ground 
methods, out of which 87 were interpreted as metal conductors, which was 
confirmed in 80% of cases. The gravity survey separated 22 of the most 
promising anomalies; all wells intersected metal conductors and in 20 of 


them compact sulphide ores were found. 


The work (211) gives the results of aerial electric prospedting 
(coverage 10 thousand km of profiling) with the VMP apparatus in Sweden, 
obtained in 1956 by ABH firm. The ore anomalies are upto 6-8% in amplitude 


and 3° in phase (resistivity of overburden comprises not less than 100 ohm.m). 


5s Results of Survey by BDK Method: 


Experimental, method-testing and production operations with 
devices of aerial electroprospecting by the BDK method have begun since 
1957 in various geological areas of the Soviet Union: Ukraine, Urals, 
Kol' sky Feninsule, Khazakhstan, etc.. Considerable work is being done by 
geophysical combines Western (Leningrad) Khazakh (Alma Ata) and Novosibirsky 
(Novosibirsk). Information is available about similar operations in Sweden, 
Canada, USA, etc.. 

Flights with instruments of the mobile group are implemented along 
previously selected profiles with notable landmarks. The recommended scale 
of survey 1:25000 - 1:100,000, Measuring on operating topomap is usually 


carried out on two frequencies. The operating frequencies are determined, 
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as a rule, during experimental flights above the investigation area. The 


altitude of the magnetic field detector is maintained within 35-100 m. 


The apparatus devised in USSR is set up on helicopter; the 
instruments permit to.measure and record amplitude, phase and component of 
e.m.f., induced in the field detector of horizontal component in the magnetic 
field of cable Hy. The indicated parameters in the malogue form are recorded 
most frequently in pairs by two independent recorders ( in the VITR 
construction the use is made of one diagram tape for two individual recording 


circuits). 


Operations carried out in the Ukraine, particularly in the Maidan- 
Villa section of graphitised gneiss ( see chapt.IV), have shown good 
possibilities of aerial electroprospecting by the BDK method. Fig.50 shows 
curves of measuring phase PH on four operating profiles. Zones with different 
resistivities p‘*) are marked by considerable phasé anomalies; the 


amplitude anomalies in phase are upto 30°. 


By means of aerial electroprospecting it was possible to 
differentiate zones of graphitized gneiss (9.210 ohm.m) , plotted in Fig.50 
from the data of ground electric prospecting. The PH curves are clearly 
divided into two parts, characterised by two troughs, between which is a 
minor local peak. Similar operations have shown that in geological conditions 
with even highly conductive overburden, shielding the bottom bedrock, aerial 
electric prospecting by the BDK method gives better results than the 
induction method. 


va 


(*) Zones 


, Were separated from material of V.1I. Klushin (216). 
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Key to Figure 50: 

a, Outlines from | 

aerial electri- 

' prospecting; © 5 

.b, Graphs .of at. 
Re at Rake x 


£5 24duH2z5 
c,j Graphs of We at 
' X 


fe 976 Hz; 
d, oy:< 10 ohms/m; 
e, 10 ohms/m <0, is 
m~' 50 ohms/m; 
£, 50 ohms/m <.9, < 

: t° 

< 200 ohms/m; 
g, Py 208 s/m, 
~ h, Cable; © ™#* 
i, Maydan-Vila; 
j, Generator group. — 


npopane azpoznexmpopassedowod coon 
witches zepapunt yy, npu f=204 24 b 
- Cpa@uRt Puy Mp f= 976 2th ¢ 


: Pe S10 OM ——————————<—= 1 
mh’ 10 OM: S fig < 500MM nesta © 
= ES 500MM < Py < 200 OM-tA sf 

1D pie > 200 0M <r & 


‘ 


Fig.50 


A sufficiently full concept of the possibilities of aerial electro= 
prospecting by the BDK methodean be obtained from works (213, 215-218, 242, 
243). | 

An example.of the method's application may serve survey, conducted 
by aerial electroprospecting party 2GT with participation of the VITR 
associates on Kol'sky peninsula with the object of ore bodies exploration 
(190). The joint operations of these organisation with the apperatus AER A-58 
were begun in 1959 in an area of largely undulating landscape with vast bogy 
depressions and abundance of small and large lakes of the Kol'sky peninsula. 

The object of the survey was to determine the geological effecti- 


vity of the BDK method in exploration of the copper-nickel sulphidised ore, 
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development of methods for aerial electroprospecting and investigation of the 
section promising in respect of the above ore. Moreover, the BDK method 
was compared with one of the ground methods of electrdprospecting, e.g. 


shooting method. 
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Fig.51, by ore body, confined to the A oh / DK method 
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and amphibe-biotite gneiss and amphibo- 
lites. Thickness of body at the top 12-15 m; with depth the body gradually 
pinches out, its depth down dip is upto 90 m. The deposit itself is overlaid 


by Quarternary deposits - glacial moraine - with thickness 10-20 m. 


The resistivity of the Quarternary deposits varies from 100 to 
1000 ohm.m, of the surrounding rocks - from 1000 to 5000 ohm.m, sometimes 


upto 10,000 ohm.m; resistivity of the ore body -— from 0.1 to 1 ohm.m. 


The survey was conducted with laying down of cable with 1 cab. 109? kn 
of aingle wire PSM. Current power im cable Toad, on frequency f = 976 cps 
comprised 3.6 , on frequency 244 cps - 3.2 . The cable was laid out 
parallel to the strike.of; the ore body at a distance of 3 km. The laying of 
cable 10.5 km and the rigging up of the ground oscillating group in conditions 


of arctic winter has taken two and a half days. 


Used for survey was the helicopter MI-4 type, the speed of which 
on parallel profiles was upto 80 kn/hr (one of the profiles passed dove the 


center of the ore body ). The operating length of the profile both sides of 
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the cable was 15 lm. Satisfactory results were obtained with a gusty side 
wind with velocity 6 m/sec with the placing of the AHRA-58 devices on the 


tail beam of the helicopter. 


No other aerial geophysical method is applied in these conditions. 
This indicates high possibilities of aerial electroprospecting by the BDK 


method. 


Fig.52 shows PH, curves, taken at f = 976 cps (Io ab. 3. deci 


= 10.5 km, v = 80 km/hr) at altitude of gondola h = 35; 100; 200 and 300 n. 
On this profile, the ore body was at a distance 3.2 km from the 

cable. The peak anomaly of phase is evident at the minimum altitude of 
gondola - 35 m (the bottom curve). The phase anomaly is well traceable 
even at altitudes of over 100 m the width of phase anomaly comprises 300 m. 
The increment of flight altitude to 300 m sharply reduces the effect of 
non-uniformities in the overburden layer. Therefore measuring at this 
altitude permits to obtain by the BDK method characteristics of the normal 


cable field free of the effect of non-uniformities. 


Curves Re um of HY field, taken at f = 244 cps (constant of 


3 ,l = 10.5 km) at altitude 


cab 


F v 
field detector Ca = 3.75 Tu ; beak = 


300; 200; 100 and 35 m with the speed of helicopter 60 km/hr, are shown in 
Fig.53. The position of the ore tbody corresponds to that analysed in the 
foregoing. As shown by the given curves, normal fields in altitude 
interval 35-300 m persist with accuracy upto 10%. The peak of the active 
component anomaly in amplitude is at low altitude (35 m) and is practically 
untraceable on an altitude of 300 m. The width of the anomaly increases 
with the increment of altitude. The increasing altitude of gondola flight 


also reduces the effect of non-uniformities. 


30 
4,2 47 32 2,7 xKM 


The results of recording of U parameters on the central profile 
were confirmed with repeated flights, as well as by the aerial survey in the 


section of deposit. 
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Fig.54 


r ; = v_, 7 
Fig.54 shows curves Re Uy ( f= 976 cps, c,=15 Ta 3 h= 35 n, 


rt = 10.5 kn, I 


oe ab.= 2 + ¥ = 80 km/hr), obtained on various profiles, 


c 
run in the immediate vicinity of the ore body. A,cording tothese curves, 
the ore body is outlined by clearly defined anomalies on profiles 0, IV, 
VIII, XII, XVI. The maximum width of the anomaly is evident on the central 


profiles. On end profiles, the anomaly decreases in magnitude and narrows 


down in width. 


On the grounds of implemented experimental and productive 
operations, a conclusion was drawn regarding the possibilities of aerial 
electroprospecting by the BDk method in the search for sulphide deposits of 
Kol'sky peninsula. Some of the anomalies defined during the productive 
survey were checked by ground electric prospecting. Drilling has been 
conducted in areas of more promising anomalies and has confirmed their 
connection with mineralization (190). 

It has been established that, by means of the BDK method, it is 


possible to define with assurance highly conductive zones of considerable 
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dimensions (faults and graphitization zones) » highly conductive ore bodies, 
as well as to carry out geological mapping, etc. Aerial electroprospecting 
by the BDK method makes it possible to cover quickly considerable. territory 
to define and trace tectonic faults. The gravity and aeromagnetic survey 


data are used with this method as auxiliary. 


Thus, the results of operations carried out in the Soviet Union 
have shown that the BDK method has proved itself to be one of the most 


effective and major methods of aerial electroprospecting. 
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CHAPTER ~ V 


QUANTITIES MEASURABLE BY AERIAL 
BLECTRIC PROSPECTING. 


1. Quantities Measurable by Aerial Method of the Near Zone: 


The direct carrier of information regarding the magnetic field of 
the near zone is the e.m.f., induced in the detector by the resultant 
magnetic field. The latter may be taken conventionally as the sum of the 
primary and secondary fields. Naturally, the most useful signals, which in 
aerial electroprospecting characterise the investigation object 
(geoelectric irregularity), are the e.m.f. components, generated only by 


the secondary field. Other components are of relatively small interest. 


The ways for defining electric parameters, closely connected with 
the e.m.f. components, which are mainly dependent on the anomalies sought, 
present a no less important problem than the choice of the patterns 


geometry of frequency band of one or the other aerial method. 


Let us take parameters, which are measured and recorded by devices 


of the near zone method. 


1. The amplitude of one of the dimensional eomponents of intensity 
of the primary and anomalous magnetic fields, determinable from the active 
modulus of the non-compensated part of e.m.f., induced in the field 
detector by these fields and amplified in the maasuring unit of the 


apparatus. 


25 One of the quadrature components of the non~compensated part of 
e.m.f., which, in relation to supporting voltage, is in phase (active 
component ) or in quadrature (reactive component). In this case the 

phase of the supporting voltage may be closely connected with the current 


phase, e.g., in the generator frame. 
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3. Virtual value of the difference in e.m.f., induced in two receiving 
coils, or of the difference between e.m.f., in one of the coils and 
some auxiliary, compensating voltage, connected with e.m.f., of the 


second coil or with the current in the oscillating frame. 


4. Phase shifts of e.m.f., or the differences of e.m.f. in respect of 


the key signal ( or the current in the generating frame ). 
5. The ratio of virtual values of e.m.f., induced in two receiving coils. 


Moreover, in the two-frequency survey, donducted for the separation 
of anomalies caused by bedrocks from anomalies, connected with surface 
overburden and topography, the measurable quantity could be the difference 
of two quadrature components in signals of two essentially different 
frequencies. 

The listed parameters contain a certain amount of information 
regarding the geoélectrical conditions in the area of survey. Therefore, 
it would seem that the choice of one of the other parameter is of no signi- 
ficance. But actually the usefulness of any one of these quantities for 
the near zone methods is determined mainly by its shielding from the 
technical interference caused by the primary field. In the use of 
aerial methods it is necessary to know how much the useful signal differs 
from e.n.f., induced exclusively by the primary field or its variation 
during the flight caused by the instability of the circuit source-field 
detector. For instance, the first parameter is more exposed to the 
influence of this mechanical interference than the second (reactive component ) 
(132). However, not all the measurable parameters are equally dependent 
on the altitude of flight, e.g., the first and second parameters depend 


on altitude variation to a greater extent than the fourth, and so on. 


~148- 


In the selection of measurable parameter it is necessary to estimate 
the initial geometry of the system and its possible application during the 
survey ( see Chapter IX), the adopted method of electric compensation (see 
Chapter XI), and the topography of the areas where it is prepared to conduct 
aerial electric prospecting, as well as the bedding of the objects sought 


within the enclosing rocks. 


The construction of some of the devices provides for the measuring 
of many parameters of e.m.f., of one or two field detectors (166, 263). 
However, devices of this type are bulky, less mobile and are meant mainly 
for survey review of the chosen area. A detailed survey is carried out by 
means of a more mobile set up and more exact measuring instruments, which, 
as a rule, provide for the recording of one-two parameters of the unbalance 


signal. (166, 263). 


The apparatus of the aerial induction method, with rotating magnetic 
field and elliptically polarized field, measures the amplitude (modulus) 
and phase of unbalanced signal AU or its active and reactive components. 
Besides, it is possible to compare signals U and U. by measuring the 
deviation from normal of the amplitude’ congruence (signal ratio measuring) 
and of phase shift 90° from normal. Also amplitude parameter A, which is 
a difference between the modulus ratio of measurable signals and the mean 


level of primary field (234), i.e. 


| 


7 AP lo, 


where 
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When using aerial electric prospecting with elliptically polarized 
magnetic field (EPP), it would be expedient to measure the following 
quantities (153, 186): invariants of the polarization ellipse itself 
(major and minor semiaxes) from the signals; proportional to them; 
parameters cheracterising the orientation of polarization ellipse in space 
(for instance, the angle of major semiaxis) one of the time factors of 
the field ( for instance, phase ieee cataie intensity towards the 


major semiaxis relative to current in the field exciter). 


In the set up with EPP it would be expedient, as in other patterns 
of the induction aeromethod, to apply simultaneous measuring on two frequencies, 
for unambiguous determination of the nature of conductive object. 

Thus, in the near zone method the measurable could be various 


parameters of signals, induced in the magnetic field detectors. 


2. REGARDING EFFECTIVITY OF MBASURING SIGNAL PHASE OF SECONDARY FIELD: 


It is well known that in many geophysical investigations, carried 
out by electric prospecting, it is most important to know phase shift of 
the measurable signal in respect of another, the phase of which is 
conventionally taken as the starting point of reading. In contrast to 
amplitude measuring, when similar intensity anomalies may be caused by good 
but too deep-seated conductors or shallow-bedded but poor conductors, phase 
measuring provides information, from which in simple geological conditions 
it is possible to divide the defined anomalies into ore and rock product 
type (185, 251). 

With the availability of preliminary data (e.g., obtained in ground 


conditions) regarding conductivityjof ore bodies or other conductive 
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objects in the area of survey and, also, with the availability of the enclosing 
medium characteristics, it is possible to determine in the first 


approximation the dimensions of this body or object. 


However, realisation of the hookup of instruments ( for instance, 
in the induction method) to measure phase angles of the secondary field 
signal Ue in relation to phase of the primary field signal i or to 
supporting voltage Ue. coinciding in phase with signal Uys is rather 
difficult because of the accuracy required in measuring phase shift. 

This accuracy is stipulated by the choice of the pattern's geometry, 
electrical compensation of the primary field signal, peak operating 
frequency etc. In this connection, the question arises whether it is 
appropriate to measure phases of the secondary field in the near zone 


method at all. 


In order to estimate the effectivity of measuring phases of the 
secondary field signal it is necessary to analyse the behavior of the 
amplitude and phase characteristics of the secondary field, formed by the 
presence in the primary field of conductive body. With this aim analysis 
of the secondary magnetic field, caused by the presence of conductive 
body in harmonic field of vertical magnetic dipole, should be conducted, 
as well as to show how the initial phase of the secondary field @ Pre 
depends on frequency f of the primary dimensions of conductive body 
and its conductivity YY. The analysis will bebf the simplest case of 
conductive body in the shape of a sphere, since for a body of this type 


of isometric form it is most easy to implement excitation by a uniform primary 


fiela (133, 185, 250). 


Let us place the origin of spherical coordinates in the centre of 


a sphere with radius Q (Fig.55). The line 0Z is directed parallel to 
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moment m of dipole. The dipole we place at point A, lying on plane YOZ; 
and we assume that the medium surrounding the sphere is homogeneous and 
non-conductive. Coordinates of the arbitrary point P, at which the 
secondary field is being determined, will be 0) °, and 0) . Distance 
from the center of sphere to the center of dipole is b, distance from the 
center of dipole to recording point is R, and the angle between the line 


0Z and direction to dipole is 9° 


Fig.55. 


The magnetic dipole with vertical magnetic moment m may be shown 
as two dipoles - tangential, with moment My , directed perpendicularly to 
line QA, and radial, with moment > directed along this line. Each of 
the dipoles generates at the recording point P its own components of the 


Ppp sai(He . pr ) (38, 63, 261). 
secondary field - radial (Ho F509 ) and tangential (H, _, Hao ) 


The complex coefficient D is a function, determinable at Ay = Po ) 


by relationship {98, 251), 
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ByI_y (v) + (3 + v*)F, (v) 
D= ee a aS (Ve) 
vt, (v) 
Zz 
where I-$ (v), If (v) - Bessel's functions of half-integral order from the 
complex argument (36); ve Ni ¥ poo. Having denoted Ym Ci.by p, we 


obtain v = VV ip Re _For an ideat conductive sphere Y= oc, D=l1. 


Since the reception and measuring instruments in the neighboring 
zone method usually pick up either the vertical or horizontal component 
of the anomalous field, it is necessary to change over from radial and 
tangential field components of the vertical dipole in question to vertical 
and horizontal components of the secondary field. The calculated relations 


we write in their complex forn. 


The moment of tangential dipole 


#0 =m, sin 0). (V.2) 
The amount of radial dipole 
ih, =m, cos 9)° (V.2a). 


The radial and tangential components of the secondary field at the 
recording point are equivalent to the sum of field components in tangential 


and radial dipoles: 


— pT Pp _ ut p 
Hoe = Hoy + Hoy, Hog = Fog + Hog (V.3) 


In a majerity of cases in aerial electric prospecting the radius 
of sphere CG’ is invariably lower than b and r, and the conductive deposits 
create an additional error; therefore, for the secondary field components 


the terms could be written, with allowance for a negligible error, as 
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a> 
H. =-aD (sin 0, sin @ + 2 cos @ ces 0 ); 
er a gape 1 i 
(¥.4) 
nd ae ) 
Hog = m,D ; 33 (4+ sin 9%) cos 9 - cos o% sin @). 


As shown in (63), the error in the determimation of amplitude of 
the secondary field from formulas (V.4) in aerial electric prospecting 
does not exceed a few percents. This error in magnitude is known to be 
less than the error caused by the presence of the conductive surface 


deposits; therefore, it may be ignored. 


In a particular case, when dipole a is located on line 0Z at point 


A’, i.e., at aT = 0 and b’ = b ( above the epicenter of ore body), we 


have: 
. 2 x 
He = uD 33 cos @ ; 
: 4 o's 
a (v.5) 
H =-nD-—s>> sind... V.5 
29 Z 4qc br? 2 


For this case in spherical coordinates the primary field of dipole 


a, at recording point P is determined as : 


2n m 


at pe is 2 z . 
A= z ces a; Aig = 3 sina (v.6) 
4 ORF é : ATR: 
where Ri= (b* + r° - 2 br cos a5} 2 


According to Fig.55-b, we find the terms for components H,, and Boy 


at point P: 


2r v 20 (v.7) 


where: 


{ 
ies} 
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Hence, 


= -—= 7 3 = i e Vv. 
dg = Hy, cos 8 Hog sin ; Hoy = Hoy sinB + Ho, cos p (v.8) 
Having substituted H.. and Hog from equation (V.5) into formula (v.8) ana 
taken into account, that 


ge 2 1 et 
sin 9, 2 cos 6, =-$(1+ 3 ces 20,), 


after insignificant conversions we get 


: a) a ( 3 ae) (v.9) 
= - h, D—==— ( 1 + 3 cos 20,); : 
22 2 BI 2 
‘ 3 
H. = sin 20,. (v.10) 


2y CO” mad 8 br? 


The sum of components of the primary and secondary fields at point 
P determines the magnetic field actually existing at the moment with 


components He and nn 
H = BOT Wis eo ech ava (v.11) 
2p i, yp ae 

The magnitude of cemponents of the primary field, according to agreement, 


is determinable by relationships ( III.15a). 


From the terms (V.9) and V.10) it follows that characteristic phase 
of the secondary field is determined by the parameters of complex ceefficient 
D, calculable from formula (V.1). To ebtain this characteristic, coefficient 


D should be shown in terms ef real and imaginary parts: 


D=R D+ j Im. 


As shown in (133), in the region| ‘| > JT the complex coefficient D 


could be given in the following terms: 


-155- 


Vv v2 2x 
where 
sh x ch x sin x cos x 
a ay ee ee ee a 
shx + sin «x shi x+sin x 
(¥.13) 
ae __3x(AsB) - 3 
ReD = “2—= 2 AnB ; ImD = x Ast = 
2x 2x 
Pa2 
x ay aa (v.14) 


Therefore, 


_3x(A~B) ~ 3 (¥. 15) 


ox? 3x(A-B). 


ImD 
cPc = arctE hep arctg 


In this case the terms for the components of the secondary field 


will be written as: 


: a3 ; (¥.16) 
H = a, [>| Ss (1+ 5 cos 20,) oF? oF ‘ 
2z Zz BIlb pr? 2 

so sep 

Boy = 2 | >| axed sin 20,¢ Ce (V.16a) 


It is difficult to use the terms (V.15) fer , determination in 
explicit form; therefore, relationship curves () a= H (Ya?) are eften 
pletted for the operating frequencies of instruments in aerial electric 
prespecting. As an example, Fig.56 shews relationship curveCD = Ff Yo? ) 
for fixed frequencies 125; 250; 500; 1000; 1500 and 2000 cps. Moreever, 
it was assumed that for ore bedies the most prebable conductivities comprise 
Y = 0.05-50 1/ohm.m, and the dimensions ef sphere could be within the 


range C= 1 = 50 m. Since 
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then with an estimate of the adopted values f, { and CC it is possible to 
assume that this relationship extends also to spherical conductors with 
parameter p 2 = 500 - 600, i.e,, to actually existing conductive objects 


ef spherical form (75, 98, 251). 


From Fig.56 it can be seen that with sufficiently high conductivity 
ef ere body, i.e., with high value of pareneter Y 2”, phase shift of this 
field in respect of the primary will be negligible ( in this figure 
paraneter Y OC is in logarithmic scale). In this case, it is sometimes 
said that the secondary field has an active nature. On the contrary, 
with low conductivity, when parameter Y 2 is insignificant, which is 


characteristic of non-metallic bodies and bodies ef composite structure, 


mie 


the phase of the secondary field in respect of the primary approaches >? 


to 
and the secondary field is assigned/a reactive nature. 
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Analyzing the phase shift evs parameter Y OC at various operating 
frequencies, it is possible te draw conclusion that frequencies below 500 cps 
make it pessible to assure a higher resolving power of the methed than 
higher frequencies both with active and reactive secondary field. With 
low ¥ Gust conductive body, i.e., with predominance of reactive nature of 
the secondary field, slight variations of this parameter on high frequencies 
Cause an appreciable phase shift of the given field. This leads to increased 
errers of measuring at high frequencies with the presence in the area ef 
irregularities - deposits, surrounding recks, etc.. Therefere, in aerial 
electro-prospecting, measuring of parameter Cp | is effective in the 


interpretation of survey results. 


According to Fig.56, it is possible to conclude that the phase 
shift? . with excitation of spherical anomalous body by the uniform field 
throughout its dimension does not depend on the altitude of the aircraft. 
Hewever, in actual geological conditions, conductive bodies of spherical 
form are encountered very seldom. A majority cof them have the shape of 
cylinder, inclined bed, etc.. With aerial electric prespecting in the 
near zone fer conductive bodies with the shape of a round cylindrical 
conducter of radius OC of infinite extension, inclined bed, etc., it is 
impossible to assure uniformity of the exciting field through the whole 
dimension of the body; therefore, the field anomalies of a body of this 
type will be affected by the altitude of flight. In phase measuring, the 
altitude of survey has considerably less effect than in the measuring of 
ether parameters ( amplitude, components). In such cases, determination 
of phase parameter, as in the case of spherical conductor, will be justified 


and effective. 
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a Figure 57} i 
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Indeed, ignoring the end effects for cylindrical bedy of finite extent 
being present in the exciter field of the oscillating dipole, which meves 
on the aircraft at altitude h, it is possible to determine approximately 
on the basis Af pelasbonshiva given in (172), the value also of phase 


parameter P _ (133). 


1.414 - =P 
cD =arcte Pe ‘ (v.27) 
1.414 - Ypa 
Fig.57 shows curveP c= KF (Ya?), similar to the curve in Fig.56 
for the same operating frequencies and radii of cylinder. The conductivity 
is so taken that parameter P oa? would correspend te the actually existing 
conductive objects of cylindrical shape, i.e., Pork 200-300 (251). 
From Fig.57, accerding to operating frequency and the obtained phase shift 
of secondary field Qc it is possible to determine the factor Yo?. It 
case also be shown that in aerial electric prospecting by the neighboring 
zone method it would be highly beneficial te use patterns, the apparatus 
of which permits the phase of secondary field being measured as the most 


effective parameter, depending very little on the altitude of survey. 
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Be Difference and Sum of Reactive Signal Cempenents of Double-Frequency 
Fields: 


The intrinsic shortcoming of the induction method with outbroad 
gondola is the variability of reciprocal position of the source and field 
detector due to inevitable bumping of gondola, in which the field detectors 
are placed. As a result the recordable parameters are highly distorted. 
However, as has been pointed out, not all the parameters of . usable signal, 


induced in the field detector, have similar perception of bumping. 


Let us take the example as shown in Fig.58 and consider the vector 
diagrams of the field intensities, produced in the detector by the resultant 
( primary and secondary) field attached with the measurements with cempensation 


of the primary field signal. 


If the signal of the primary field BU is compensated in a way that 
the residual intensity AAU coincides with it is phase (Fig.58a), while the 
angle between it and supporting voltage vniy iscp ( in this case the phase 
of supporting voltage is combined with the phase of current I, in the 


generating frame), the motion ef gondola should cause variation only of AU. 


This is true only for the linearly polarised field of lew frequencies 
in the quasi-stationary zone, when the field phase Premains invariable with 


transition frem ene recording point te another. 


The emergence of the secondary field generates in the detecter of 
the magnetic field signal U,, the phase of which is generally distinct 
fron the phase of the signal generated by the primary field. The resulting 
signal U_|_ is an addition of vectors MU and U, ( Fig.58-b), and the 
phase shift between it and the key signal is equivalent to QP. Measuring 
of amplitude (modulus) UW) se and phase shift PD of resultant signal is 


made pessible by amplitude veltmeter and phase indicator. It is easy to 
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see that with bumping of gondola the modulus and phase of the resulting 


signal will vary. 


Fig.58 


With the transition to measuring reactive component Ye of the 
resulting signal Vag by phase-sensible voltmeter, it is easy to see that 
the bumping of gondola dees not result in the variation of reactive 
component value. In this case the stop-out of residual intensity to the 
extent of Aut will cause variation only of the resultant signal (U" os? 
and its phase shift (p" ) in relation to key signal (u.), whereas the 
equivalent to reactive component quantity Ue will not change its value 
(U = Ut) (Fig.58-c). Thus, the reactive component of the signal is a 
parameter, theoretically independent of the bumping of gondcla ». In the 
actual conditions of using instruments of the aerial induction method, 
the considerable metal mass of the aircraft directly at the seurce of 
the primary field (generating frane), causes as we know, non-linear, 

i.e., elliptical, polarisation ef the primary field (6). This polarisation 
is due te the effect of currents, induced in the metal mass of the arrcraft 
by the primary field. Bumping of gondola causes variation not only of the 


residual intensity modulus, but also of its phase, which affects indicatiens. 


of phase-response voltmeter, and thereby the advantages of measuring the 
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reactive component in the case of linearly polarised primary field 


are lost. 


In confirmation of what is stated above we show curves of modulus 
U ast phase and reactive cemponent U. ef the resulting signal recerded by 
apparatus AERI-2 in various meteorological conditions (Fig.59-a - results 
of survey in relatively calm weather, Fig.59-b - in extremely windy weather). 


As follows from these curves, all the measurable parameters depend on the 


bumping of gondola. 


If instruments of the induction method with outboard gondela permit 
simultaneous survey on two frequencies (on different operating frequencies), 
there is actual possibility of reducing the effect of gondola's bumping 


even in the case of polarised primary field (103). 


For this, it would be expedient, besides the individual measuring 
of reactive components on both the frequencies, to measure directly the 
difference or the sum of output voltage in phase-response voltmeters, 
proportional to the reactive components of signals on two operating 
frequencies, i.e., to apply the differential method of measuring reactive 


compenents of two operating frequencies. 


If the output voltages of phase~response voltmeters are equalized 
ata certain position of the source and field detector and similar polari- 
zation of these twe-frequencies field, variation of their reciprocal position 
should not, in principle, disrupt the balance of the differential circuit. 
With dissimilar polarization on different frequencies, it is not possible 
to exclude the effect of gondola's bumping; but even in this case, with 
the correct choice of working frequencies, it would be useful to measure 


the difference of reactive components (103). In practice, the difference 
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between operating frequencies with the induction method on two frequencies 


is usually not very high, for instance 244 and 1953 cps; therefore the 


polarization of the fields on these frequencies will be about the same. 


The application of differential method for measuring the difference 
of reactive cempenents of two signals of operating frequencies makes it 
possible, besides reducing the effect of gendela's bumping, te eliminate 
the effect ef altitude variations and deposits. This is due te the fact 
that the field of both the eperating frequencies depends practically te 
the same extent on altitude variations and on deposits; the field of 
lew operating frequency depends mainly on conductive bodies bedded at 
certain depth. In the measuring of cemponents and their differences, the 
signal should conferm exactly either to the current phase in the oscillating 


frame, or to the phase ef the normal field should be correctly compensated - 
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the phase of key signal should conform exactly either to the current phase 
in the escillating frame, or to the phase ef the normal field signal 
(in relative measuring), i.e., it is necessary that the phase of the 


regidual signal be zero. 


4. Quantities Measurable by Aerial Method of Combined Zone: 


Of all the quantities, subject to measuring and recording in aerial 
electric prespecting by the combined zone method, the most significant are 
‘those which are directly connected with the object of investigation, i.e., 
with the nermal and anomalous electromagnetic fields of field seurces. Since 
the BDK methed is the main methed ef the combined zone, we shall analyse 


the indicated quantities as applicable to this method. 


The main aspects, discussed in Chapt.III and IV, which characterise 
the behavior of the normal and anomalous fields of cable, indicate primararily 
that the horizontal component Hy of the normal field dampens slewer with 
removal from the cable, than the horizontal H compenents. In the case ef 
the infinite cable, the component oe is equivalent te zero, and in the 
case of the finite - it is very negligible in quantity. This circumstance 
is very significant in the choice of measurable quantities in the BDK 
method. Quick attenuation of the component Hs smallness of q, with 
comparatively high noise level on the aircraft, scanty competence of the 
generating ground apparatus hamper the construction of measuring devices 
of the required selectivity and quick action dyring the flight. At the same 
time, the sententaise-ok flights across the cable, the possibility of 
taking off away from the cable with the same response cf instruments te a 
considerable distance and other factors (216) confirm the expediency of 
investigating the component HT instead of ae (90, 103, 118). ‘The investi- 


gation of other field components or parameters of the polarization ellipse 
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(185, 186), is apparently difficult. 


The measurable parameters could be amplitude, phase and e.m.f. com- 
ponents of the signal induced by the component A. in the magnetic field 
detecter. In accuracy, appreciation of measuring and recording of these 


parameters, the two following features must be taken into consideration. 


The first feature is due to the interpretation of anomalies from 
resistivity values (41), which are calculated en profile from the values 
of the resultant (nermal and anemalous) field. This requires a comparatively 
high accuracy of measuring ( the altitude of survey and the flight course 
should alse be precisely maintained). With this type of interpretation, 
the phase characteristic of the field (Dy is practically of no significance; 
Mence it is suggested that no time be wasted on its study (41). Actually, 


in this case, there is no need also to record the components. 


The second paculiagrity is connected only with the fact of the anomaly 
detection. In this case, the accuracy of measuring could not be high as 
compared to the first case. The interpretation technique of survey results, 
suggested by the authors of (216), is calculated for measuring the 
amplitude and phase, the compenents er one of the compenents ( active or 
reactive) and of the phase in relation to geological conditions of the 
survey area. The permissible errors in measuring and recording - 2-3% in 
the amplitude or component and 1-2° in the phase. These requirements of 
instruments are quite sufficient for detecting the major, as well as very 
minor, field anomalies. Since from the results of the aerial survey there 
is bound to be a detailed ground survey, subsequently topped off, if 
required, by drilling, the absolute and exact measuring of anomalies in 
the air has only an auxiliary value. Mereever, in this case, the use is 


ef a more cemplete information regarding anomalies, as the amplitude and 
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phase characteristics of the cable's field are measured on different 


frequencies (98). 


Instruments which take into account the above peculiarities, 
are very much distinct. The first peculiarity is taken into account by 
the ground apparatus; as well as the airborne ( mobile) one, having a 
precise recording voltmeter. It also requires a highly qualified crew 
for the aircraft, capable of maintaining at a given altitude, the set course; 
or the apparatus should be provided with devices for correcting the 


navigational errors. 


In the estimate of the second peculiarity, the ground group is also 
required, but with tranggitter of the principal phase signal. The measuring 
instruments need not be of very high accuracy for amplitude and phase 
measuring. The aircraft crew could be medium qualified. Thus, the second 
way is simpler and makes it pessible to obtain a more comprehensive infor-- 
mation regarding anomalies; therefore it is widely applied in practice 


(87, 89, 103, 216). 


The minimum values of the amplitude of horizontal component H, 
determine the required response of the measuring instruments. If the 
nominal current in the cable, the operating frequency and approximat correct 
geological conditions of the investigation area are known, then, from 
formula (IV.31), it is possible to determine the H field at such a distance 
from the cable as is required for ensuring a considerable flight around 
the survey area. The geolegical conditions of the chosen aréa. are usually 
judged from the geelogical data and results of various geophysical 


investigations on land. 
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In the determination of the required quick action (legging in recor- 
ding) of foaming instruments in the BDK method, it is important to kmow 
the nature of field variation at each point of the operation profile and 
the average speed of the aircraft. Investigations have shown (a9, 216), 
that the field gradient near the cable has very high values and, at a 
distance from it, the gradient values decrease by two-three orders. Thus, 
with I= 1 near the cable the field gradient attains 10° - 10° 4/m, ana 
at a distance - only 107 to 107° Oty? , The speed of the aircraft, which 


is determined by its type, is usually known. 


Key to Figure 60> 

as Ay 3 ( 

b, f = 244 Hz; 

c, Non-working 
zone. 


The indicated nature of variation of cable field HT causes certain 
difficulties in deviaing measuring instruments. Indeed, the measuring time 
in aerial electric prospecting is limited; all recording devices, specially 
those with moveable mechanical details, have a limited quick action. 

The area of the survey map, with one laying of cable of 10~30 km, should 
be as large as possible ( about 200 sq. lit). The nature of the H, field 
is such that, to ensure the required accuracy of measuréments throughout 


the whole operating profile, the apparatus should be provided with multi- 
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range measuring of amplitudes, i.e., the measuring range should be divided 
into a number of sub-ranges or measuring limits. This means that, during 
the flight, the operator has to commutate the range of measuring ( and 

the nearer to the cable, the more often), or, in the selection of the 
operating range, it is necessary to cut in the device for automatic search 
and commutation. Experience shows that neither the one nor the other 
assures a normal operation of instruments near the cable; therefore, in 
aerial prospecting by the BDK method, the zone 0.5-1 km from the cable is 
assumed to be the non-operative zone. The application of digital recording, 
which in principle could resolve this problem, has not so far been 


practised. 


The behavior of the amplitude characteristic of the field is 
similar to that of the phase characteristic Hs which with removal from 
the cable changes its value from zero above the cable to 2 Jl in the 
furthest from its zone. For then normal field above a uniform half-space 
in the same zone, the Hy characteristic theoretically does not depend 
on the parameters of medium (30, 68, 69). The variation velocity of the 
Phase angle - phase gradient - is 50-90 degr. /km near the cable, decreasing 


to a few electric degrees per 1 km at a distance fron it. 


In the event of non-uniform half-space, this relationship ‘invariably 
has a composite nature. This is confirmed also by the test data obtained 
in various geological conditions. For imtance, Fig.60 shows the actual 
phase characteristics a7) Hs recorded in Maidan-Vila section (see para 5 
Chapt. IV) in relation to the cable distance x on three frequencies: 244, 


488, 976 cps (profile No.1, course 200°, v = 100 ku/hr, 1 = 11 in. 


cabl 
altitude of gondola 35 m). 
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From Fig.60, it follows that, at various frequencies, in the same 
geological area with all other conditions equal, the behavior of PH, varies. 
This is specially noticeable in the zone close to the cable. The highest 
phase gradient in this example is evident on frequency 976 cps. At a dis- 


tance of 1.5 — 0.5 km from the cable, this phase gradient is 55 degr/im. 


7” 
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Fig.61 


The methods of aerial electric prospecting are invariably based on 
the multifrequency principle of investigations. This principle is also 
applied in the BDK method. However, in this method the range of applicable 
frequencies is limited, on the one hand, by the fact that the measuring time 
on the aircraft is limited by its comparatively high speed and, on the 
other, by the fact that on higher frequencies the cable on the ground often 
conforms poorly to the oscillator and behaves as a line with distributed 
parameters, which also limits the operating voltages in the line. According 
to safety regulations, voltages on the cable should not exceed: the  digrup- 
tive voltage of its insulation ( the current in the cable on higher 
‘operating frequencies should not increase considerably). It has been found 


(89, 102), that in laying out of the cable upto 30 km in the majority of 
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geological areas, the upper operating frequency of the generating unit 


should never be taken above 3-4 k-cps, and the lower below 60-80 cps. 


Aerial electric prospecting by the BDK method is characterised by 
a comparatively high ratio of the field anomaly to the normal cable field 
on operating profile. The altitude effect on the magnitude of the 
anomaly is insignificant ( see para 3 chapt.IV). The given method permits 
to anomalies directly on the background of the normal field being measured 
and does not impose any critical limitations on the accuracy of the 


apparatus set up. 


4¥,degrees 4adegrees 


Fig. 62 


Fig.6] shows the behavior curves of anomalies’ amplitudes (a-c) 
and of component (a, e), and Fig.62 - phase curves,obtained in various geo- 
logical conditions by the BDK method. These curves show typical field 
anomalies. On the abscissae the width of anomalies is plotted and on the 
ordinates - either the ratio of the magnitude of the anomaly to the magnitude 
of the normal field at reception points (Fig.61) or phase variation at the 
game points, The operative altitude of survey 85 m. As follows from these 


curves, the behaviors of the typical amplitude of anomalies, the components 
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and phases are quite diverse. Nevertheless, on the basis of these curves, 


it is possible to determine the variation range of measurable quantities. 


It is assumed that the amplitude and component anomalies are on 
an average 20-25%, and of phases - 10-15°. The width of the anomaly on an 
average is 2 km for the amplitude and components and a little less for the 
phase. With the altitude of the survey reduced to about 30-50 m, the 
width of the anomaly decreases proportionately whereas the variation range 


of the amplitude, components and phases increases. 


- PART IT 
PRINCIPLES OF PLANNING UNITS AND TH ELEMENTS OF 


APPARATUS IN AERTAL ELECTRIC PROSPECTING 


CHAPTER - VI 


GENERATING UNITS, 
1. General Requirements Imposed Upon Generating Units. 


In conducting aerial electro prospecting by various methods, the 
excitation of the harmonic electromagnetic field requires a special low- 
frequency generating unit. At present, the generating units applied in 
BDK, induetion and VMP methods have, as a rule, harmonic current at the 


outpot. 


To increase the exploratory efficiency of the apparstus ccepths 
survey area, ete.), it is expedient to have as high as possible ratio i 
(signal-noise), which, with the attainable minimum level of noise Un ° 
wholly depends on the magnitude of usable signal Us: The magnitude of the 
usable signal is in its turn affected by the efficiency of the electromag- 


netic field exciter (oscillatingframe in the induction method, grounded 


cable in BDK, etc.), and the competence of the generating unit. 


Thus, with the same construction specifications of the primary field 
exciter, one of the ways of increxsing the signal-noise ratio is to raise 
the competence of the generating unit. The power output of. the generating 
unit is invariably limited, In the induction method, this limitation is 
the power supply for a given type of plane and the maximum allowed voltage 
at the terminals of cscillating frame (u,. Z 500v). For instance, in the 


apparatus fitted on planes Il-12 or Il-14, the allowed maximum power per 
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one operating frequency does not exceed 500 and 1000 watts. In the 
apparatus of the BDK method, considering its overall size and weight and 
also the safe voltage on cable, the maximum power at the output of the 


generating unit should not be over 2-3 k-watts. 


It should be mentioned that the requirements imposed on the 
generating sets are also high with respect to the frequency stability 
and the time constant of the radiators phase characteristics. This 
is explainable by the fact that, due to high noise level in the field 
detector the measuring devices are provided with special selective 
systems with narrow transmission band. This narrow-band characteristic 
imposes in its turn high demands for the accuracy of the set up and the 
time stability of current frequency in the exciter of the electromagnetic 
field. 


Indeed, analysing the known terms (56) 


a (VI.1) 
. 1+ (ar Q )*. : 
Pp 
P—arctes (2425. Q). (VI.2) 
Pp 


it is not difficult to note that the instability of frequency ‘, is 
reflected both in the amplitude and phase characteristics of the 
measuring set up. Due to steep phase characteristic, within the range 

of resonance frequency Bo negligible changes of the generator's current 
frequency cause considerable phase errors with relatively insignificant 
variations of amplitude characteristics. Therefore, the determination 

of the allowed frequency instability should be based on the allowed phase 


error e 
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Estimates show that with the tolerance error in phase of 2° 
and the general quality coefficient of the selective system Q = 50-100, 
the frequency stability of the oscillator should not be less than 0.05- 
0.1%. If it is taken into account that phase error is caused not only 
by the instability of the oscillator frequency but also. by the parameter 
variability of selective systems, phase-shifting and phase~controlling 
circuits, etc., the requirements imposed on the stability of oscillator 
frequency should be higher. The optimum frequency stability of the 


oscillator is the quantity (1-3)1074, 


At present the most popular are the electron tube and semi- 
conductor oscillator. The most popularanong the wide-range audio- 
frequency oscillators are those based on pulses and resistance- 
Capacitance coupling. Of the narrow-band oscillators and those on 
fixed audio-frequencies, those widely known are the RC and LC~ 


oscillators, magnetostrictive, piezoelectric, etc.. 


The application of wide-band oscillators is inexpedient, 
since these, besides the frequency instability under the effect of 
external coefficients (temperature, humidity, potential, tube 
seasoning, etc.), have initial error of frequency (graduation error). 
The popular factory-made audio-frequency oscillator GZ-33 has the 
graduation error 6 Fp =i (0.02F + 1). In the beat oscillators, the 
graduation error is also considerable. If we take into account also 
the frequency instability, caused by the effect of external and 
internal coefficients it becomes clear that oscillators with wide- 


range even variation are not fit for the devices of aerial electric 


prospecting. 
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In oscillitors on fixed audio-frequencies, there is no graduation 
error and, moreover, in this type of oscillators it is possible to 
attenuate the effect of external and internal coefficients on the 
frequency stability, which, thérefore, comprises 1.107° (141). In rheo- 
stat-volumetric oscillators, the frequency stability depends mostly 


on the constancy of R and C quantities. 


Investigations, which have been éonducted (58), make it possible 
to assume that RC-escillator with stability upto 0.1-0.2% in temperature 
range 20-70° can be constructed. However, in this case resistances 
should be made of manganese wire, and the capacitors should have low 
temperature coefficient (fKE). The manufacturing of this type of 
oscillator involves considerable difficulties, as the mangidin resistances 
have parasitic reactance, which causes additional phase shifts, 


resulting in unstable operation of the RC-oscillator. 


The frequency stability of M-oscillators is determined mainly 
by the parameter stability of inductance L and capacitance ©, For 
the audio-frequencies, the inductance is achieved by a core with a 
large coefficient of magnetic permeabilityy. With the surrounding 


temperature varies the coefficientMand hence the inductance lL. 


The maximum frequency stability, as shown in (174), depends 
on the quality coefficient of the circuit, which is determined by the 
quality coefficient of inductance Q =O at the lowest L/C ratio. 
On audio-frequencies, due to high L and C values, it is rather 
difficult to implement reciprocal compensation of inductance and 
temperature coefficient (TKTO) of the capacitance, in the 
audio~frequency range of LC-oscilletors it is difficult to ettain fre- 


3 


quency stability higher than 1.10 ~. The magnetostrictive oscilla- 
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tors assure high stability of frequency (upto 1.1077) with temperature- 
controlled magnetostrictive rods or with those made of two metals 
of opposite temperature coefficients. Oscillators of this type could 


be used in aerial electric prospecting. 


Very simple in construction are the oscillators with the quartz 
crystal control of frequency. They assure high stability of frequency 


(107? - 107°) even without the temperature control of quartz. The 


Key to Figure 63: \ 
a, Quartz generator; 
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Fig.63. 


audio-frequency oscillators, with the quartz crystal control, can be 
made from diagrams with quartz for operating frequency (Fig.63), with 
quartz for higher frequency, with subsequent frequency division (Fig.64) 


and on scheme for pulses (Fig.65). 


Key to Figure 64:) 
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Fig.64, 
In the quartz oscillators, for pulses, the use is made of 
quartz plates on radio-frequency ( f£> 100 kes). The natural frequen- 
cies of oscillators are chosen in such a way that the difference 


would be equal to the required audio-frequency, t.e. 
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c= =A f,) - (fic, es Ar,) = Fay + Afo ) (vI.3) 


where fygand f,,,- are the frequencies, respectively, of the first and 
‘second quartz oscillators; Af,and Af,- absolute values of frequency 


instability in both the oscillators; F3;8- resultant audio-frequency. 


oa es 2 en ‘Key to Figure 65: 
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Fig. 65 


38 = Set, Sebi c , Mixer. 


If the quartz plates have frequencies in the order of 100 kilo- 
cps, the absolute value of the oscillator frequency instability could be 
upto 1 cps. Thus, regardless of the resultant audio-frequency, its absolute 


instability in the oscillators for pulses may attain cps units. 


Quartz oscillators of two other types have considerablylower ins- 
tability. Thus, for the oscillator with quartz set directly for operating 


frequency ( see Fig.63) we have 


where 


In the apparatus of aerial electric prospecting, the most frequently 
applied is the audio-frequency master oscillator with subsequent division 


of quartz frequency. The frequency instability of oscillator of this type 
5 


as in the preceding case, is in the order 10” - 10° , since 


where n - frequency division coefficient. 


Besides the high frequency stability, the generating unit should 
have the non-linear distortion coefficient not over 5-10%, and its output 
should be consistent with the lead resistance of the electromagnetic field 


exciter. 


26 Master Oscillators. 


To eliminate, in the receiving unit, noises, equivalent to the 
frequency of industrial power supply system and its harmonics (50; 100; 150 
cps, etc.), at the initial development stage of aerial electric prospecting 
in USSR the following frequencies were selected for the BDK and induction 
methods: 81, 38; 244; 28; 976; 56; 1953; 13 and 3906,25 cps. These frequen- 
cies were obtained by the division of quartz frequency of 125 kile cps 
768-, 256-, 128-, 64-, 32-, and 16—times. In the first versions of the 
BDK and. induction,apparatus, the frequencies applied were 81,38; 244,14; 


488,28; 976,56; 3906,25 and 7812,5 cps. 


The construction principle of master oscillators becomes clear on 
examining their circuits in the apparatus of the BDK and induction methods 
(both were developed by Physico-Mechanical Institute of AN Ukraininan SSR). 


Master Oscillator in the Apparatus of BDK Method: The functional 


circuit of the master oscillator in the AERA-58 set is shown in Fig.66. 


The controlling harmonic current with frequency ro = 125 keps is fed 
from quartz oscillator 1 to multivibrator (frequency divider) 2. The 
rectangular impulses of voltage with frequency f : 16 = 78125, cps are 


fed to selective amplifier 3, the output voltage of which is harmonic. 
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Fig.66 


The second multivibrator 4 is provided with a swétch, which permits 
the time constant of RC-circuits being varied and thereby the oscillation 
frequency. This multivibrator is synchronised by frequency Fy = 7812.5 cps ahd 
allows the obtaining of two frequenctesa Pe 1 and F, = =. 3906. 25 
and 976.56 cps respectively. One of the frequencies F, or PS is fed 
into the selective amplifier 5, at the output of which the voltages with 
frequencies 3906.25 and 976.56 cps have harmonic form. The third multi- 
vibrator 6, synchronised by frequency Fy divides Fy - “3. 244.14 cps 
and FS =Te 
thei: selective amplifier 7. 


RY 81.38 cps. Beyond this multivibrator the signal centers 


The output part of the oscillator is a phase inverter 8 and two- 
cycle amplifier of power 9 (A class) with a matched transformer at the output. 
The master oscillator, assembled according to the analysed block diagran, 
can assure at the output harmonic current of one of the fixed frequencies: 


5906.25; 976.56; 244.14 and 81.38 cps. 


In the airborne setup of the BDK method AERk-2 and ABRA-3. (1961) and 
of the induction method AERI-2 (1962), the master oscillators were made with 


quartz for operating frequency 3900 cps. 


Master Oscillator in AERI-? Apparatus for Induction Method: Fig.67 


shows functional circuit of master oscillator with two-channel output on 


double frequency. 


“1794 


The alternate current with quartz frequency 3900 cps from quartz 
oscillator is fed into selective amplifier 2. From the output of the 
amplifier, the harmonic current with frequency Fx 3900 cps arrives at 
switches 11 and 15 of the amplifying output channels, hence as synchro- 
nizing current - to the first multivibratory frequency divider 3, with 
index factor n= 2. The rectangular current impulses at Fy = — = 1950 
cts enter selective amplifier 4 and hence to switches 11 and 15. In 
the same way operate dividers 5, 7, 9 and selective amplifiers 6, 8, 10, 
at the outputs of which harmonic currents with frequencies 975; 487.5 


and 243.75 cps respectively are obtained. Thus, all the working 


frequencies are available at switches 11 and 15 of the amplifying channels. 


With two-channel operations on two frequencies the current of 
the required frequency is fed from switch 11 of channel 1 through 
switch Bk, ( position 1) to phase inverter 13, from which the working 
frequency current enters amplifier 14 of channel 1; through cathode 
follower 19 the reference potential of the working frequency is selec- 


ted for the same channel of the measuring group. 


From the change-over switch of frequency 15 of channel II the 
current of the second working frequency arrives at the input of phase 
inverter 16, hence, to amplifier 17. The reference potential is taken 


off through cathode follower 18. 


With single channel operations on twofrequencies, possible only on 

channel I, two currents of different frequencies from change-over switches 
11 and 15 enter mixer 12 through switch Bk (position 2) and hence 

enter amplifier 14 through switch Bk, (position 2) and phase inverter 

13. The circuit is energized by its own unstabilized rectifier 20 


and stabilized rectifier 21 of alternate current electromechanical 


[Key to Figure 67: 
a, Output signal, 
channel 1; 
b, Carrier signal, 
channel 1; 
Cc, E, (stabilizer); 
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Fig.67. 


transducer (frequency 400 cps, voltage 115 v) of the aircraft power 


network. 


The line diagram of the AERI-2 master oscillator is shown in 
Fig.68. The quartz oscillator is assembled on left triode L, (6N1P) 
according to a three-point diagram with capacitive feed back and direct 
cut-in of quartz resonator with natural frequency F = 3900 cps. Used as 
a resonator is a quartz crystal plate with MT type shear. The feedback 
capacitances are those of the quartz-holder itself. Resistances R, and 
R, are the anode load of the oscillator and also the divider in the 
feedback circuit, voltage from which is fed to the resonator through 
capacitance Ci. Current with frequency Fi = 3900 cps from the quartz 


oscillator anode is fed through capacitor C, and quenching resistance 


2 


R, to the grid of the first selective amplifier, on the right triode Ly. 


The selective amplifier is a current amplifier with transforming 
output with double T-like RC-filter in the backfeed circuit. Current 


with frequency Fy = 3900 cps from the anode of right triode L, is fed 


1 


through dividing capacitor Ce to load resistance R,, hence to filter, 


Q? 
consisting of two RC T-circuits: Ry» Re» Ce. R,, and Cas Re» Cy From 
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the output of the filter, the current of the negative feedback is deli- 
vered to the grid of the right-hand triode L,- By means of resistance 
Ro the quasiresonance of the filter is tuned exactly. Resistence Rio 
inplements the automatic shifting to the tube grid and additional 


feedback in the current. 


Anode load of the selective amplifier cascade is the primary 
coil of transformer Ta’ from the secondary coil of which harmonic 
current with frequency F, = 3900 cps is fed to contact‘one of changeover 


switches Pr and P, of the channel frequencies. Moreover, from the anode 


of right-hand triode L, through capacitance C_ and quenching resistance 


7 
Ri voltage is taken off for the synchronization of the first frequency 


divider L, 


The frequency divider is made up from the diagram of multivibrator. 
Time constant of the auto-oscillations is determined by the capacity of 
coupling Cy 


of frequency and, thus, seléction of the present index factor is imple- 


and Cy and resistances of grid leak Ri4 and Ris: The tuning 


mented by means of variable resistance Rig Index coefficient of the 
first multivibrator frequency n = 2; its output produces current 
impulses with frequency F, = 1950 cps. Resistance Rio and Ri3 - anode 


loads of the first multivibrator cascades. 


From the anode of right-hand triode L,, the rectangular current 


2’ 
with frequency Fy is being fed, through dividing capacitor Cho and 
quenching resistance Rig: onto the controlling grid of the second selec- 


tive amplifier L The quasi-resonance frequency of the selective 


3° 
amplifier 1950 cps is determinable by quantities Ry, Roy Cae Cis 
The filter frequency is tuned by varying intensity of the variable 


resistance Roo: 


From the secondary coil of transformer 2s? harmonic current 
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with frequency Fy = 1950 cps arrives at channel change over switches 
Pr and Po Circuits of the following three frequency dividers, opera~ 
ting on tubes L Le and Las are similar to the circuit of the first 


multivibrator. The Ly output produces rectangular impulses of current 
with frequency PF = 975 cps; at Le output we have Fy = 487.5 cops and 


at L, = F, = 243.75 cps. 


5 
Beyong each frequency divider is cascade of selective amplifier 

(1, L, and Ly) Harmonic currents of all operating frequencies ( 975; 

487.5 and 243.75 cps) are lead-in to the corresponding contacts of channel 

frequencies changeover switches Py and Pos The current of one of the 

five operating frequencies taken-off waitin Py is fed to potentiometer 


R at the input of the signal mixing cathode follower, assembled on the 


103 
left-hand triode Lig: In operations without mixing, resistance Ri 93 gets 


cut off by switch Bk Moreover, from the change-over switch Py the 


3° 
current of the operating frequency enters through dividing capacitance 
C55 into the input of cathode follower of channel I bearing pressure 
(left-hand triode 1,_). 

The current of the second operating frequency, taken off the 
change-over switch Po is fed through switch Bk, to potentiometer Roy 
of the input adjustment of the mixing cathode follower (right-hand 
triode Lig) of the second operating frequency. Through dividing capaci- 
tance Coy the current of the second frequency arrives at the cathode 
follower input of the channel II reference potential (right-hand triode 
Ly): The mixing circuit of frequencies is implemented on two cathode 
followers of tube Lig: The output voltage is taken off from the middle 
of resistances Hos? Bog and through dividing capacitor Cag fed to 


potentiometer Rog for adjusting amplifier of the mixed frequencies channel. 
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With two channel operations on two frequencies the switches 


Bk, and Bk. are disconnected and the current from change-over switch 


PB arrives through capacitor Ce 


this case, the grid of the right triode connects through Roy with the 


onto the grid of left triode Lg: In 


body. From the load of cathode follower R through R,. current 


100’ *49) 99 


with frequency, corresponding to the operating frequency of channel I, 


through capacitor C,. and adjustment potentiometer of output signal Reg 


48 
is being fed to the grid of the phase-inverter left triod Lig: 
The second operating frequency is taken off the change-over 


switch P, and through capacitor C 7 resistance R., and potentiometer 


2 4 93 


Roo energizes the grid of the phase inverter's left triod lis in the 


amplifying track of channel II. 

With one-channel operations on two frequencies ( the use is made 
only of the channel I amplifying track) the switches Bk, and Bk, are 
locked, frequency mixer correction. From resistances Rog? Rog the 
mixed currents of two frequencies are taken off and fed into the phase 


inverter of channel I. The phase inverters and power amplifiers of 


both the channels are implemented similarly. 


Let us analyse the circuit of channel I. The phase inverter is 


made on autobalance circuit with a common grid on double triode Lio: 


From anode loads of triodes Res and R,, currents, shifted in phase at 


64 


180° through intermediate Capacitances C,. and Cay energize the 


40 
controlling grids of tubes Ly and L5 two-cycle outgoing power 
amplifier. The output cascade is executed on the circuit of ultra- 
linear amplifier with low coefficient of non-linear distortions (139). 


Both the Cascades of the amplifier are covered by negative feedback 


via voltage. The output transformer Tp, has a special coil to obtain 
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the voltage, of the negative feedback, which energizes the.grid of left 


triode L by means of resistance R, 2 it is possible to select the 


10° 7 
required intensity of this voltage. 
The reference potentials are removed from the cathode resistances 


and R Ri o9 of double triode L,, and enter, through 


Rios’ Fie 108° 17 


capacitances Ce and ey into change-over switch P 5 By means of this 
switch, channels I and II of the measuring apparatus could supply the 


potential of the operating frequency or cut-in to external oscillators. 


3. Power Anplifiers: 


In the apparatus of aerial electric prospecting any amplifiers 
can be usec as power amplifiers, provided they satisfy the requirements 
of output power, load resistance, nonlinear distortion coefficient, 
etc. For instance, in the apparatus of the BDK method it is possible to 
use amplifier TY-600 with some .alterations and additions in the 
circuit. However, considering the specific operating conditions of the 
generating unit in aerial prospecting apparatus, power amplifiers should 


be planned after considering these conditions. 


Besides, the general requirements, the power amplifier has to 


satisfy the following:- 


1. Power amplifier for the BDK method should be made of séparate 
blocks convenient for transportation by any means. At the output 
of the amplifier there should be a transformer, which would 
provide coordination with load (grounded cable). The operating 
frequency range of the amplifier should be 200-2000 cps. The 
voltage and current in the cable should be controlled by special 


Z measuring devices. The output of the amplifier must have an 


2e 


4e 
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arrangement for the removal of reference potential, which is 
in phase with the load current. The amplifier is energized from 
a portable power-plant of three phase alternate current with 


frequency 50 cps and 220/380v. 


Power amplifier for induction and VMP method should have a 
minimum overall size and weight. t is meant for a 6-hour conti- 
nuous operation. It can be cooled by rushing air current 

through it. The amplifier should have a system protecting it 
from vibrations during the flight, landing and takeoff. It 
should have a two-channel construction. The coordinating 
transformer should assure coordination of the amplifier with 

load (vscillating frame) in frequency range 200-4000 cps. 
Energizing of the amplifier should be from the power supply 
network of the aircraft through one-phase mechanical converter 


115v and frequency 400 cps ( for example, MA-2500, etc.). 


Generating Unit in BDK Method: 


The components of the generating unit, meant for aerial electric 


prospecting by the BDK method includes, besides the master oscillator 


and power amplifier of audio-frequency: a radio set for transmitting 


key signal to the measuring device; a device for the control and 


phase-adjustment of key signal emitted into the air; UKV-radio station 


for communication with the pilot and operator of measuring instruments; 


antenna, etc. 


Fig.69 shows time-base functional diagram of the generating unit. 


From the output of master oscillator 1, the current of one of the fixed 


frequencies (243.75; 487.5; 975 or 1950 eps) is fed to subterminal 


amplifier 2, from which the sound current of excitation is fed to two- 
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cycle power amplifier 3. The output device 5 is meant for coordinating 
the output resistance of amplifier with load (grounded cable 6), current 
take-off onto measuring block and compensation of reactive component 

of load by means of capacitances and inductances. Device 4 is meant for 
automatic cut-off load from power amplifier with the break of connecting 


line 4 - B. The capacity of the output amplifier is about 2.5 kilo-watts. 


= 
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Fig.69 


For phase control of the key signal, emitted into the air, in 
relation to the current phase in cable, there is a special measuring 
instrument. Reference potential u in phase with current in the cable 
is Bed from output 5 to cathode follower 7 and hence to phase inverters 
8 and 9. For compensation of phase shifts in the measuring circuit 
itself, the voltage, after the cathode follower, is fed through change 
over switch PL ( position 2 ) to zero-indicator 20 through amplifier 11, 
limiter 12, cathode follower 13 and differential detector 14. The same 


to 
detector is fed/two quadrature currents from cathode followers 15 and 16. 
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&t phase inverter 17 the signal, amplified by amplifier 18, arrives 
from additional phase inverter 9. This phase inverter compensates 


Phase shifts in the measuring circuit. 


Voltmeter 19 controls the current of measuring circuit Ue, which 


modulates voltage U, and neference potential U,, fed from control 


3 4? 
receiver 10, cut-in to antenna 26. Phase inverter 8 compensates phase 
shifts of the key signal radio-transmitter. For this, the change-over 


switch PL is fixed in position l.. 


The radio-transmitter of the key signal consists of a master, 
oscillator with quartz crystal control 21, intermediate amplifier - 
frequency doubler 22, power amplifier 23 and modulator 24. The signals 
are euitted by antenna 25 with vertical polavleation: The carrier 
frequencies of the signal, emitted into the air fh, are 2.3 or 3.2 


megacycles per second. 


The UKV-radio atation operates on four fixed frequencies within 


the range 100-150 Mcps and is meant for command radio-communication with 


the plane. 
5. Power Amplifier of the Induction Method Apparatus: 


The power amplifier of the generating unit in apparatus AERI-2 
consists, as does the master oscillator, of two channels - lower (243.75; 
487.5, 975 eps) and higher (975; 1950; 3900 cps) frequencies, Each 
channel has its ow amplifier. The load of the final stage in each 
amplifier is the corresponding section of oscillating frame, tuned to 


the working frequency of its channel. 
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Fig.70 
Competent amplifiers assure at the input approximately 100 v~a 
in the channel of lower frequencies and 600-v-a in the channel of the 
higher. The line diagrams of amplifiers of both the channels are 


identical. 


Let us examine the diagram of the lower frequencies channel 
(Fig.70). The primary coil of the input transformer Tot is energized by 
the excitation voltage from the output of master oscillator channel I 
(through contacts 1-4. and 2-5 of the plug and jack 1-3). The primary 
coil of transformer Tp, could be cut in to any other external master 


oscillator through terminals K, and Ko 


From the secondary coils, of the output transformer Tp, the 
signal of the operating frequency ( or mixed Signals of two frequencies) 
proceeds in opposite phase to the controlling grids of Ly and L, tubes 


of subterminal stage, implemented on a two-cycle circuit of cathode 


-189— 


followers with choke load in cathode circuits. Cathode followers assure 
low putput resistance on alternate current and have a deep negative 
feedback, which is important for reducing the nonlinear coefficient 


distortion. MillimetersmA, and mA, control the anode currents of 


tubes and their symmetry. The screen grids of tubes are energized 


from a common source through filters RC, and RoC. to prevent self- 


excitation of cascade on higher frequencies. Bias voltage on cont- 
rolling grids of L, and L, tubes is taken off the potentiometer Roo 


of divider Rig - Root Resistance Ry and Ro, which shunt the secondary 


coils of transformer Tpy> are meant for rectifying the frequency response 


of the input transformer. 


From the cathodes of Ly and L, tubes, antiphase voltages arrive 


2 


at the controlling grids of Ls and L, tubes of the terminal stage. This 


stage operates in conditions B, with transformer Tp, serving as load. 


2 


Fixed bias on controlling grids of L, and Ly is put in from potentiometer 


Rag of divider Rig - Roo on the middle point of choke Dp, and hence through 


antiparasitic filters Ri3°9 and Ba 4°10 onto the tube grids. 


On test jacks KG, and KG, it is possible to measure the amplitude 


1 2 


and investigate the voltage shape of the subterminal stage, and also the 


intensity of bias voltage. 


Cut in to cathode circuits of output tubes are the millimeters 
mA, and mA) for measuring the total anode and the screened current of tubes. 


The tubes L, and L, are energized from the individual coils of 


incandescent transformer TPs. 


To prevent self-excitation. of the cascade on higher frequencies, 


both halves of the primary coil in output transformer Tp, are shunted 


by RC-circuits (Ri .C)5 and Ry C4) 
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The secondary coil of transformer Tp is charged Onto the 
oscillating frame. Input resistance of the ern frame section 
at various frequencies differs; therefore for load coordination this 
coil is sectioned. Outlets from sections of the secondary coil are 
cut in to change-over switches PL and Po by means of which it is 
possible to attain optimum coordination of the power amplifier output 


stage with the load. 


Application is made in the amplifier of successive in-current 
negative feedback, which encompasses the terminal and subterminal 
stages. Voltage of the negative feedback is taken off the anodes of 


the terminal stage tubes and, through dividing capacitances C05 and 


arr and RR o®io from which it is led 


into the secondary coils of transformer Tp. The power magnifier is 


CoCa» supplied to dividers R. 


energized from the power-supply network of the plane through mechanical 


transducer MA-2500 with output voltage 115 v with frequency 400 cps. 


3° Ly tubes 


and rectifier for energizing anode-screen circuits L); Los and also 


The high tension rectifier for energizing anodes of I 


of screen-grid circuits Les Lye are in a separate block and connect 
to the power amplifier block by special plug connectors (SHP1-4, BP). 
Bias rectifier, operating on kenotron L,, is mounted in power amplifier 


block. 


For energizing the bias circuit of L> L, tubes, the coil of 
the in 
relay P, #6 cut it/series with divider R,, - Ra4. With/normal opera- 


tion of bias rectifier contacts 1 and 2 of this relay are closed and 


voltage + 600v is supplied to anodes and screen grids L,, Lys L. and 


Lys From resistance Ria cut in to circuit 600v, voltage is taken 


off for circuit blocking of high tension transformers, energizing 
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anodes of L, and L, tubes. In the absence of bias voltage and tension 


3 4 


+600v the high tension transformers are automatically cut off. 


6. Transistor Generating Unit in the apparatus of Induction Method. 


The above described generating units on electronic tubes were 
devised in 1958-61 for science research and production tests to deter- 


mine the efficiency and potentialities of aerial electric prospecting. 


Devices, meant for production work, should be distinguished 
by high reliability, low cost, overall size and weight. In this 
respect, preference should be given to transistor systems, which per- 
mit the build-up of generating units of high stability. and required 
competence. Minor overall size and wéight, low cost of energy make 
it possible to install this type of apparatus on light type planes 
(AN-2, etc.) and helicopters (MI-4, etc.). This provides an 
opportunity to carry out investigations at ldw altitude and speed 


of flight. 


As an example of transistor oscillating apparatus, let us take 
* 
the master saetiaeeee ) (Fig.71), applicable in various methods 
+ 
of aerial electric prospecting, and power amplifies is 100 wt 


(Fig.72). 


In the master oscillator, the quartz oscillator operates on 


transistor T, of P15A type on inductive three-point circuit with direct 


1 
cut-in of the quartz resonator of natural frequency 7812 cps. The 


quartz plate, with shear NT type, operates in conditions of bending 


(*) The system of the generator is devised and implemented in the 
Physico—Mechanical Institute of AN Ukrainian SSR by A.5. Intsyshin 
and L.Y. Misiuk. 

(**) Amplifier circuit is devised and implemented in the Physico- 
Mechanical Institute of AN Ukrainian SSR by E.I. Kurilov jointly with 
the authors. 
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Oscillations. The load in the collector circuit is the parallel 
resonance circuit, tuned to quartz frequency and consisting of 
capacitance Cys inductance L, and primary coil of impulse transformer 
l. From the secondary coil of impulse transformer the synchronization 
voltage is fed to the blocking-generator of timing impulses. More- 


over, the collector of T, transistor is loaded through capacitance C, 


1 
onto divider RRS» from which harmonic current of 7812 cps frequency 
is supplied through the changeover switch of operating frequencies 
Pig onto emitting repeater Ty: The divider RR, assures initial 
bias voltage on qT base. By means of resistance Res blocked by 


capacitor Cos some temperature stabilization is attained for the 


operation of the transistor, 


The changeover of shift registers on ferrite cores required 
current impulses with amplitude upto 0.5 - 0.7 a. Obtaining of these 
impulses by amplification is irrational; therefore, in the circuit of 
the described oscillator the use is made of retarded blocking-—generator 


on transistor T, with external start-up. The starting impulees taken 


2 
off the secondary coil of transformer 1, are conveyed to base T, 
through starting circuit - resistance Res diode Dy and primary coil 


of impulse transformer Tp): The source of blocking voltage is the 


divider RR. The resistance Ro is blocked by capacitances Cy and Cae 


The coils of impulse transformer Tp, are cut in so that 
increment of the collector current produces a rise in the trigger 
voltage on triode T,: The secondary coil of transformer Tp: 
shunted by diode Dos is switched into coilector circuit T5 in 


séries with it, through trigger bead Kn, is cut in the circuit 


of timing coils of shift registers and resistance Ry. From this 
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resistance, positive voltage pulses are taken off for blocking the 
transistor key circuit on triode T,. The key controls the discharge 


circuit of the capacitances shift register. 


The trigger voltage, taken off divider RoBi» connected 
parallel to the energy source, is conveyed through limiting resistance 


Ray to the base of triode T The blocking impulses from resistance 


Re arrive, through dividing capacitance Cer at the middle point of 


divider RoR, os 


the two registers is connected to the circuit of collector T 3. 


The discharge circuit of the memory ~- capacity of 


To first register, consisting of eight ferrite-diode cells 
(cores 2-9, diodes D4 - Dog)s is meant for the frequency division 
of timing impulses with division coefficient equal to two, four and 
eight. The link circuits of registers, with congruence circuit of 
"I" type, are used at the output as frequency dividers; they are 
distinguished by the high stability of the coefficient of frequency 
division within a wide range of frequencies and temperatures. The 
second register, consisting of three ferrite-diode cells (cores 


10-12, diodes D ), has the constant division éoefficient three, 


27 ~ 32 
The timing coils of both the shift registers are connected in 


series and cut in into the collector circuit of the blocking-generator. 


The trigger bead Kn is used for changeover of the ends of 
timing coils in ferrite ring transformers 2 and 10; with the pressing 


of the bead the direction of the current in coils changes. 


The pulses with a preset coefficient of frequency division 
are taken off various points of the ferrite-diode frequency divider. 


The beginning of core 2 primary coil connects thra diode D,, with 


ll 
collecting contact of Pla plate of changeover switch Py operating 
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frequencies. Contacts 2-5 of this plate are connected with capacitances 
j . cut i 
Coe C67 and Coy of the first register; contacts 4 and 5 are ; in 


parallel. Thus, on contact 2 of plate P, the frequency of the impulse 


la 
sequence is 3906 cps, on contact 3 - 1953 eps and on contacts 4,5 - 


~ 976.4 cps. 


Impulses from the output of the first shift register arrive 


through divider R at the base of transistor Ths of the congruence 


48°46 
circuit (circuit "I"). The output impulses of the second shift 
register with frequency sequence 2604 cps, taken off capacitance Cay! 


arrive through divider Ragkas at the base of the congruence circuit 


on second triode Th 5° 


The congruence circuit consists of two triodes - T,5 and Th 3 
connected in series. The emitter of triode Ty > is grounded, the 
collector is connected with emitter of TW into the collector circuit 
of which the load resistance R79 for both the transistors is cut in. 
The output impulses of positive polarity are taken off this wesistance. 
Oollectar 7), (emitter 1,5) connects to contacts 1-4 on plate P,_ of 
the frequency changeover switch; the collecting contact of this plate 
is grounded. Thus, in positions 1-4 triod Tho is shunted, and the 
congruence circuit becomes a key, operating as a phase invertor; in 
position 5 of the frequency changeover switch cuts in logical circuit, 
which assures obtaining, at the output, of impulses with frequency 
sequence 7812: (8 x 3) = 325.5 cps. From the output of the congruence 
circuit, the signal arrives at the parallel connected contacts 2-5 


of plate PGs From the collector contact of plate Pls through 


capacitor Cy voltage pulses with frequencies 7812; 27906; 1953; 976.4 
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and 325.5 cps are fed into the input of emitter follower T,: From 


emitter load R,, through dividing capacitor Ce pulse voltage enters 


14 
into the input of amplifier~limiter Ts 

The output of rectangular impulses of negative polarity, taken 
off collector load Ris of amplifier-limiter, are converted by means of 
differentiating circuit CR into bipolar acute en eree The 
meee? impulses are shunted by diode Dy» and the positive, taken 
of f/ potentiometer Rigs are fed to the first trigger through dividing 


capacitor Cio" 


The first trigger is made up according to push-pull circuit 
on transistors T¢ and Tt with simultaneous triggering to both the 
bases. Output tensions of rectangular shape are taken off resistances 
of collector loads Rig and Roy with a reciprocal shift in phase at 
180°. The triggér operates in the method of frequency division with 
division coefficient n = 2, and, in this way, antiphase impulses are 
obtained at the output with frequencies 3906; 1953; 488.2 and 162.25 


CDSs. 


Cut in parallel to loads Rj and R,, are differentiating 


9 24 
circuits C1iRie and Ci hog from which acre triggering impulses are 
taken off to the second and third triggers for obtaining quadrature 
voltage. Impulses of both polarities, taken off the differentiating 
circuit Ci 6Htog? are fed to the second trigger iT. and ty) through 
Capacitor Cha Diodes D, and Der implementing the functions of 
transitory capacitances, tranamit only positive triggering impulses 
to bases of triodes Tp and Ty: From the collector load Rog the take 
off is of rectangular impulses with a frequency half that of the 


triggering impulses. 
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The third trigger operates in the same way, but its triggering 
impulses are shifted in phase in relation to triggering impulses of 
the second trigger at 180°. The output of rectangular impulses of 
the third trigger is shifted in relation to the corresponding output 
impulses at 90° due to division of frequency by coefficient two. In 
this way the quadrature of the output tensions is assured. From the 
output of the second trigger, tensions of working frequencies 1953; 
976.5; 244.1 and 81.13 cps are conveyed to emitter follower Tig and 


from the output of the third trigger - to emitter follower T Both 


15° 
the emitter repeaters are assembled in circuit with transformer output. 
The sedondary coils of transformers are grounded at one end, the other 
ends are cut in to output terminals vy and U,- The intensity of the 
output voltage is controlled by voltmeter, executed according to a 


bridge circuit; its dial scale is graduated in amplitudes of 


rectangular voltage. 


Fig.72 


The master oscillator is energized from stabilized transistor 
rectifier. The alternate current from the secondary coil (3-4) of 
- D 
36 39 
and arrives at the input of the stabilizer. The intensity of recti- 


the power transformer TPs is rectified by a bridge circuit D 


fied current composes 24 v. The stabilizer consists of adjustable 
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triode Tig? adjusting triode Tig and composite emitter follower 


Cy The current obtained at the output of the stabilizer is 


17’ Tis? 
18 v. By means of tumbler Bk, the oscillator's circuit could be 

cut off from the rectifier; the oscillator could be energized from the 
external source of direct current (battery of plane energy supply 


netWork, etc.). 


The transistor power amplifier (Fig.72) is a three-stage trans- 
forming two-cycle amplifier, estimated to operate from the power supply 


network of helicopter of plane, or from an individual battery. 


The input signal of any shape, harmonic or. rectangular, is ini- 
tially supplied to the adjustment potentiometer of amplification coeffi- 
cient Ry» and then to the primary coil of input transformer Tp)- The 
inverted signal from the secondary coil is fed to bases of the first 
two-cycle amplifier (T,, t,). To attenuate coupling on the supply 
circuit, the bias circuit to bases Ty and T, has a filter RAC), and 
the collector circuit - filter RerCo- The second amplification 
stage, made on transistors TT, of P202 type, assures the obtaining 
of power, required for the excitation of output power amplifier on 
triodes Tyts of P209 type. 

The total base and collector currents of the output stage are 
controlled by ammeters Ay (dial scale O-1 a) and A, ( dial seale 0-20 a). 
The filters in collector circuits R,C (subterminal stage) and Ri of 


2-3 


(terminal stage) are meant for protecting the stages from self- 


7 


excitation on high frequencies. 


The secondary coil of output transdfmer TP, is sectioned and 


has outlets. By means of changeover switch P, the load is coordinated 
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with the output stage. Alternate current voltmeter V permits controlling 
the output voltage of the amplifier. The voltage of negative feedback 

is taken off from a separate Bs of output transformer Tp, and, through 
bridge phase invertor Re ghipl ree fed into emitter circuit of the 

first stage. The current phase of feedback is varied by alternate 
resistance Rigs and ita intensity lead into the first stage - by 


potentiometer Ry. 


7s Magnetic field Exciter in AERI-2 Apparatus. 


In the AGRI-2 apparatus, the primary magnetic field on two 
frequencies is built up by the oscillating frame tuned in resonance to 
the operating frequencies. The oscillating frame, in its turn, is 
energized by audio-frequency currents, generated by a two-channel 
generating unit, which, as has been mentioned, consists of a two- 


channel master oscillator and two separate power amplifiers. 


The oscillating frame, with the elements of its tuning into 
resonance and dividing filters for simultaneous operation on two 
different operating frequencies, is one of those main part elements 
of the apparatus which determine the efficiency of geophysical 
surveyon two frequencies (22). Let us take the elements of the 


primary magnetic field exciter. 


Oscillating Frame: At any combination of operating frequencies 
the oscillating frame must provide maximum possible magnetic moment 
m, = IwS, where I - current within the frame, a; & ~ number of turns 


in the frame; 5 - frame area, mn. 
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‘In view of the necessity to ensure normal production and safe 
flight of the IL-14 phane, the perimeter dimensions and diameter of 
the oscillating frame band were determined unambiguously. There- 
fore, with the chosen type of cable and its cross-section the number 
of turns in the frame will also be definite. Actually, the frame 
area consists of 88 ace with the use, for instance, of MCSL or BPVL 


cable with section 4 min the frame may consist of 20 turns. 


Thus, the obtaining of maximum possible moment of frame at 
the preset power of the generating unit is practically reduced to 
assuring maximum possible current in its turns. This could be 
obtained by tuning the frame into resonance on each operating fre- 
quency and optimum congruence between the output of the power 


amplifier and the frame's input resistance. 


For the simultaneous operation of the apparatus on two 
frequencies, the frame should be energised by two frequency currents. 
Simultaneous power amplification of twa, operating frequencies in one 
power amplifier is not feasible due to low efficiency of such an 
arrangement and the impossibility of tuning the frame into resonance 
on both the frequencies simultaneously. Energizing of the frame by 
two power amplifiers with different operating frequencies, without 
special dividing filters, is also unacceptable due to the impossibility 
of tuning the frame into resonance on these frequencies. In this 
connection, due to insufficient value of the frame's magnetic moment, 
when the sections of oscillating frame are united into one band, the 
coupling coefficient between them rises practically to one. Moreover, 
there is a possibility of overvoltage in the output stages of the 


power amplifiers, which will affect the reliable operation of the 
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apparatus. In these conditions, it would be more expedient to apply 
dividing filters, cut in to the outputs of power amplifiers and tunable 
to the working frequencies of adjacent channel. There are two possible 
ways of connecting the oscillating frame with dividing filters to the 
outputs of power..amplifiers. To reduce the power loss, dividing filters 
should have the least possible number of reactive elements and 


Maximum possible quality. 


Fig.73 shows the circuit of oscillating frame with all its 
turns used for both the power amplifiers; in Fig.74 the oscillating 
frame is divided into two sections, each of which is cut in to its 


own amplifiers. 


Key to Figure 73)” ° (338 


é } ‘Ke ieure 74% 
a, EL ee i ay section te 74) 
fy3 / b, Section II; / 

b, Filter” I c, Filter f,;. 


fo. / 


d, Filter fi: 


Fig. 73 Fig. 74 


In the AERI-2 apparatus, due to purely practical reasons, the 
application is of the second connecting circuit of the oscillating frame. 
It is desirable for the apparatus to have on every operating frequency 
similar equivalent response, determinable (ona given frequency) by 
the product of the oscillating frame magnetic moment by field detector 
response. Therefore, when choosing the number of turns in sections, 
it was taken into account that the lowfreqeuency channel of the 


generating unit assures the highest value of magnetic noment, since 


S201= 


the field detectors at these frequencies have the least response. 


The following is the optimum number of turns determined by tests: 
section I (low frequency channel) -11, section II (high frequency channeD 


- 9 turns. 


Frequency 
cps 


seer nn a eS a ee i er eS 


Hagnetic moment values obtsinable in sections, tuned to 


resonence, of the oscillating frame at certain competence of output 
emplifiers and quite safe in tespect of the dielectric strength of the 
eable's insulation currents on its sections (300-350v), are shown in 


T able-3 * 


Assuming that the section of the frame is a flat reel of rectanguler 
section, the cross-section dimensions of which are negligible in 
comparison to the side of its middle turn, inductonce of eadh section 


could be determined from the following ters (83, 84). 


2be he in (e+ b +c - 


be gb (b + c) fan 


atr bre 
>= / 2 oid 
b in (be V*% 4% + fp tc - ++ 0.447 eal (VI.4) 
Ca arr +c b c 


where a and r ~ cross-section dimensions of the section, a = r&20 mm; 
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b and c - dimensions of the middle turn sides, b = 8m, c = 11 m; 
w - number of turns in the section. 
Thus, for the section composed of 11 turns, we get Lj 5.7 


millihenry, and for section composed of 9 turns, Ly 3.8 millihenry. 


This estimate holds good for a case, when the frame is removed fron 
the vicinity of considerable metal masses. Inductance of a frane, 
set up on a plane, is somewhat lower, due to the effect of the plane's 
metal mass, and is determinable by tests. The dependence of natural 
inductance on frequency in this case is hardly perceptible, as the difference 


in the ratio of high and low frequencies is insignificant. 
Length of frame sectionl’s wire 
1, = (2a + 2b) w , = 420 Mi; ly = (2a + 2b) W , 345 H 


Ohmic resistances of each section will be respectively 
1 1 
Peg a = ~=1.51 OM, 
n *Y 9. y 
where s - wire section, mn”; +) - sp. conductance of the wire's material, 
mho. 

The total active resistance of each section of the frame is 
composed of dbhmic resistance of copper and the resistance of the metal 
mass of plane (' the latter depends on frequency): 

r =r +r, 7 r =r 
+ 
11 tot, ag ing 


Parameters characterising the oscillating frame, set up on the 


plane, are obtained experimentally (Table 4). 
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Dividing filters and elements of the Oscillating Brame 
Tuning into Resonance: 


The dividing filter of one channel in the gener: ting unit 
is a pargilel LC-resonance circuit (filter-plug), tuned to the operating 
frequency of the adjacent channel and cut in series into the circuit 
between the output of the terminal amplifier and the section of the 
oscillating frame. a filter of this type has a considerable resis- 
tance for a resonance frequency of the adjacent channel and fairly 
low for a working frequency of the same channel, differing fron: the 


frequency ofthe adjacent channel not less. than twice. 


mae Iee ee ee re tye “a Id, Output of Zenerator 
Key. to Figure 733); device in low-frequency, 
a, Generator ahannel: 


antenna; 
b, Section I; | 
ic, Section IT; 


e, Output of generator 
-device in high- 
-frequency channel 


Fig.75 
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Fig.75 shows a simplified diagram of the connection of oscilla- 
ting frame sections to filters of the two-channel generating unit. In 
low firequency channel, the filter should provide a relatively high 
resistance between points a and b for the operating frequency of HF 
channel. The choice of optimum filter parameters was based on certain 


relationships in the parallel circuit (56, 83), 


The equivalent resonance resistance of the filter could be 


shown by the following parameters of the circuit. 


Zo» = tho. (¥I.5) 


Here Q = zho quality coefficient of the circuit, where r and rho 


- active and characteristic resistances of circuit respectively, rho =\3 e 


The best filtering property has a circuit with maximum possible 
Q=-coefficient and characteristic resistivity. 

For the operating frequency of its own channel, the equivalent 
resistivity of HF filter is inductive. In order to reduce active losses 
in copper, the equivalent inductivity of filter”) should be considerably 


lower than the self-inductance of the LF sedtion of the oscillating 


frame, i.e. Lee Ky: 


Ignoring the active losses in filter, we determine from khonn 
relations in parallel and series circuits the equivalent resistance 


of the filter, tuned to frequency of HF channel, for operating frequency of 


i : ae ee 
LF channel with an estimate, that Lc, =e 
2 


(*) Equivalent inductance of filter is the inductance, which it has 
are resonance circuit for untuned frequency. 
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ff (v1.6) 


The equivalent resistance of the separating filter, cut in 


into LF channel, has for frequency 3) inductive nature, i.e. Ze f ar Ku, f 


Therefore, it is possible to assure. that 


J (2 
1- 1 
2 
Os 
Then 
L (¥i.7) 
L3 on 
1= 
2 
oO; 
1 
‘=. os _~SCCé*((‘Y'TZ~—“LB8) 
2 .#) 
2L 1- 1 
wily pf 1-1 } 
2 
(since C, = z )s 
22 
C os 1 
: ee 2 
O71 (Ly + Leg) (v1.9) 


In HF channel resistivity of filter, tuned to frequency of LF 


channel, has the nature of capacitance for the operating frequency. 


By similar reasoning and taking into account that for filter of 


HF channel, tuned to frequency of LF channel, Zoot pms “oe Z » we find 


that 


-~206- 


oe _ @2 

er: Bets ; (VI.10) 
2 L 2 

, 1 . 1 

Cc Us s CHP = VI.121 

2 02 L @2 L ( ) 
12 241 

when 
C, C5 P 


Che eo =n 
KP C+ Com 


In the determination of the required capacitance of capacitor 
Cian there may be three cases: Coe Sy3 Cop = yh Coe? C)- When 
Cor Py and Cor = Cys it is impossible to assure the required ca- 
pacitance of the condenser for tuning of HF section of the oscillating 
frame ( one of the capacitance of condensers connected in series is less 
than that required for tuning of the frame's section). The condition 


is more acceptable, when Cc. tD Cys In this case the capacitance C, is 


1 


close to Lore and will have a sufficiently high resistance for the 


frequency of the adjacent channel. At cone = OS f the imposed 
conditions are not satisfied, since here the required inductance of 


choke is quite high and its active resistance may also be high. 


Experiments on the determination of optimum values of choke 


inductance in filters L, and L, with the object of obtaining maximum 


2 
possible Q-deefficients of filters on the preset operating frequencies 
with calculated currents in oscillating frame sections have shown that 
the most suitable chokes are those with inductance Ljeel.l and Lim 6.0 
millihenry. It is assumed that the inductance value of filter choke 


remains invariable on all the operating frequencies of the given 


channel, and the tuning of filter is implemented by connecting the 
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condenser of the required capacitance. 


Due to specificity of the output arrangement in the AsRI-2 
devices (considerable currents in sections of the oscillating frane, 
comparatively low operating frequencies, etc.) it was impossible to 
assure high Q-coefficient of filters in actual working conditions. The 
Q-coefficient of filters for high frequencies is not over 8-10, for 
low: 5~6, The active resistance of filters on resonance-—frequency 
is slightly more than the active resistance of the whole track 


circuit. 


Table 5 gives the results of calculations on deduced formulas of 


the main parameters of filter, capacitance of condensers for the tuning 


of filter and LF section of the frame. 


fecording to the Hata of this table, it féllows that the 


implementation of cond vier u a L(L, = 4.86 millihenries) is 


.e.f 
practically impossible,, gpebially on frequency 243 cps. 


If it is assumed that on high resonance frequenéy (3898 cps) the 


Q-coefficient of filter = 10, its equivalent resonance resistance will 


be 270 ohm and on frequency 974 cps { Qe#8) - 54 ohm. These values 
exceed several times the total resistances of the HF section of the 
oscillating frame { see Table 4), therefore the filter's action in 
the LF section of the oscillating frame may be taken as sut'ficiently 
effective. 


TABLE - 6 


=~. — a 
a ne —S— 


Combination of frequettcies, cps. 


T,ble 6 gives the results of calculation of the main parameters of 


filter, capacitance value of capacitors for the tuning of filter and HF 


section of the oscillating frame into resonance. 


&,cording to the data of this table, the condition of tuning HF 


section of ogcillating frame c. c> ° is generally maintained. 


The equivalent resonance resistance due to lowQ-coefficient 
of filter in this channel is considerably lower than in LF channel (for 
frequency 243 cps at Ge4 it is 37 ohm, end the total resistance of LF 
section on this frequency - 3.1 ohm) and the efficiency of filter is 


slightly lower. 
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Due to the fact that the metal mass of plane changes the 
inductance of the oscillating frame sections, filter parameters and 
tuning capacitances of these sections may vary from the calculated 
ones in actuel conditions, i.e., on the plane. Experience has shown 
that, in relation to operating frequencies, these variations comprise 10- 
15/3, therefore, the final tuning of filters and matching of capacitances 
for the resonance tuning of the frame sections should be carried out 


directly on the plane during a flight with an operating generating unit. 


Sections of the oscillating frame with separating filters have 
various input resistance in relation to operating frequencies. Coordi- 
nation of outputs in terminal amplifiers with variable load is effected 
in these amplifiers by means of output transformers with sectional 
secondary coils. D pending on total resistances in sections of the 
oscillating frame, the sectional transformer should assure the possibi- 
lity of varying output resistance from 5 to 60 ohm (within 5-10 ohm 


every 1 ohm, within 10-60 ohm - every 10 ohm) . 


The intensity of currents within the frame sections, during 
operation of the generating unit, are controlled by means of selective 
circuit, which eliminetes the effect of the current of adjacent channel 
on the reading of measuring instruments in the operating channel, and 


alsé protects these instruments from outside noise and sighting. 


The source of voltage for the current measuring set is the 
voltage drop on resistence,connected in series into the general circuit 
of the oscillating frame. The choise of the value of this resistance 
is determinable by ninimum power less on it, and with low currents - 
such drop in voltage intensity, which is several times the level of 


noises end sightings, affect the oscillating frame. 
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In the AERI~2 apparatus, it is assumed that resistance is 0.05 
ohm. The nominal competence of resistance, determinable by the maximum 
current in the Lf section, should be not less than 20 watts. Comparing 
power, dispersable by this resistance and the output power of amplifier 
on low-frequency, it is possible to conclude that the loss on resistance 
is about 2% (this holds good for all the other operating frequencies 
also). Prom this resistance, currents of two operating frequencies 
are fed to the input of the selective circuit, where filtering and 
distribution of operating signals of frequencies on measuring channels 
and bringing up of their level to values adequate for normal operation 
of direct reading devices ( current measuring set) are affected. 
Besides, compensation voltage, required for the set of’ measuring © 
apparatus, is taken off the resistance. This voltage reflects the 


current phase in the oscillating frame. 


Fig.76 shows line diagram of the coordinating block in the 
generating set of the AHRI-2, containing control nodes of current in 


sections of the oscillating frame, separating filters and elements of 


tuning frame sections into resonance. 


From resistance R,, cut in to the middle wire of the oscillating 


1! 
frame, voltages, proportional to currents in the sections, are fed to 
inputs of channels I and II of selective amplifiers, implemented on cir- 
cuit of cathode follower ( the right hand half of tube Le for channel 

I, left half of tube L, - for channel II). The connection between the 
input stage and the stage of amplification is through general cathode 


resistance Ray (Roo) « The selective properties of amplifiers are 


assured by the cut in into circuit of the negative feedback of double 
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Preceding page blank | 


T-shaped RC-filters for each operating frequency of the channels (25, 229). 
Stage amplification on operating frequency is 20. Band width is 
controlled by veriable resistance Ry o(Rp5) RC-filters for operating 
frequencies are cut in by means of relay P,-P, (LF channel) or Py -P 
(RF channel). 

To eliminate shunting of RC-filters by load, outputs of 
selective amplifiers of channels I and II are cut in to the current 
measuring set through cathode followers L,- The current measuring set 


is assemblea on bridge circuit an diodes D2B. Applied as current 


indicators are magnet-electric devices M-24 with dial scales 15 and 25 a. 


The selective amplifiers are energized from the full-wave 
rectifier (Tp, Dpzs Cogs Coo). It is also possible to take off 
conpeadeeion voltage for the measuring set from the outputs of selective 
amplifiers. Potentiometers Re and Re control the intensity of this 
voltage. By means of switch Bke» compensation voltage for the measuring 
set could be taken either from resistance Ryy {signals of two operating 
frequencies), or from the outputs of selective amplifiers (signals 
directly of each of the working frequencies). By means of switch Bkes 
compensation voltage of the operating frequency could be fed into 
any chaniel of the meesuring set. 

Fig.76 shows elements of the separating filters in sections of 
the oscillating frame (choke Dp,» Capacitors C, - C, of channel I; choke 
Dpos capacitors Coy - Cos of channel II), comnutators Piy and Poy? and. 
also capacitors of ihe. evens section tuning into resonance (c, - C, of 
channel I and C,, - Cy¢ of channel II) with commutators F, and Pos 
Voltmeter V for 500v contzcls the voltage in sections of the oscillating 


frame. 


(Generator 
.gntenna _ 
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CHAPTER - VII 


CONSTRUCTION PRINCIPLES OF MAGNETIC FIELD 
DETECTORS. 


1. Brief Information Regarding Demands made on Magnetic 
Field Detectors. 


As the magnetic field detectors in aerial electric prospecting, 
the application of multiturn inductance coils (frames), operating on the 
principle of electromagnetic induction (103, 154) is widespread. The 
output e.m.f. of detectors of this type is determined by the variation 
velocity of magnetic field H, i.e., it is proportional to the field's 


frequency. 


With reduced frequency, the sensitivity of the magnetic field 
detector decreases. To increase the sensitivity, it is necessary to 
increase dimensions and the number of turns in the inductance coil. 
However, in the apparatus of aerial electric prospecting the overall 
size and weight of the field detectors is restricted, which hampers 
measuring of the fields on low frequencies. In such frequency bands 


the magnetic modulation transducers (16) are more applicable. 


To obtain the preset response, specially on low frequencies, the 
inductance coil of field detectors in airborne electric prospecting 
apparatus are made with ferrite cores, and tuned into the operating 


frequency (123, 125). 
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To overall sige of the field detectors is restricted, primarily 
by the dimension of the outboard gondola, in which they are set up, and 
also by the dimensions of vibroprotective system. If the field detector 
is placed on the external part of air-craft, for instance, on the tail 
beam of a helicopter, the restrictions are even more rigid, since in 
this the weight of the field detector plays a big part (when detectors are 
placed in the middle part of the tail beam, its weight should not be over 
15 kg (89). With simultaneous survey on two frequencies, the necessity 
of spreading out the two detectors arises so as to exclude their reciprocal 


effect. 


At the same time, the amplitude and phase-frequency characteris- 
tics of field coefficients, measured in a wide range of external conditions, 
should vary insignificantly. Thus, phase errors with changes in the 
temperature of the surrounding medium by 10 deer. (within temperature 
range - 20 — + 40°C) should not exceed 1 degr. (electrical) for most 
methods, and the amplitude efror (%) for the same temperature range 
should not exceed the given error in the measuring range of the amplitude 


or component register. 


It should be mentioned that the external operating conditions of 
magnetic field detectors are also unfavorable and differ appreciably from 
the operating conditions of other units of the apparatus, placed invariably 
within the cabin of the aircraft. Usually the field detectors are either 
in the outboard gondola, or on the external parts of the aircraft, i.e,, 
where the air humidity is upto 98%, and with the landing and take-off 


the gondola is subject to considerable vibrations, shock loads, etc. 
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Besides, the requirements of the overall size of magnetic field 
detectors, there are also demands for their shielding. In the field 
detector the e.m.f. could be induced by the magnetic as well as electric 
field. Since in aerial electric prospecting the field detector is meant 
for transforming into e.m.f. the tensions of the magnetic field, only it 
must be protected, specially in the case of a highly sensitive apparatus, 
from the effect of interferences in the electric field by means of electro- 
static shield. The latter is so made that the eddy currents emerging in 
it, under the effect of the measurable magnetic field, would be minimum. 
Therefore, the shield should be made of open narrow metalic strips or wire 


(either copper or aluminium). 


With the presence, on the clamps of the frame, cf unable tensions 
of insignificant level, special significance is acquired by the method of 
comnecting the electrostatic shield with the rest of the shielding systen, 
presence of uncovered, i.e. unshielded, sections in the input circuit, 
asymmetry of input circuit, etc. Hach factor individually may not have an 
appreciable significance, but, taken as a whole, they may build up 
capacitive tracks for the penetration of noise and operating signal, which 
is undesirable due to increasing error in measuring, specially on the 
most sensitive limit of measuring. Also essential is the balancing of the 
input circuit. In this case, as we know, the electrical fields build up 
on the input terminals of the preliminary symmetric amplifier, cophasal 


potential, which are subtracted in its input stages. 


Thus, the general system of shielding should be such that the 
currents in the screen, built up by the electric fields, will not affect, 
while flowing along it, circuit sections of the measuring unit, and specially 


the input currents of the measuring amplifier, or such as would provide 


=217= 


electric balancing. 


It is this combination of factors that determines the unique 
approach to the planning of magnetic field detectors in conditions of 


aerial electric prospecting. 


2s Electric Parameters of Magnetic Field Induction Detectors. 


For the multiturn inductance coil, the input intensity is the 
current of vector P electromagnetic induction B, passing thru its turns 
w (Fig.77): 


Bs wif (vII-1). 


i: . 
where = - electromotive force. 


It is denoted in Fig.77: d ~ core diameter; 1 - core length; 
op - diameter of the middle turn of coil; is width of winding; m - 
thickness of winding, 

Usually the coils are wound on the core symmetrically. Assuming 


that the axis of the core coincides with the direction of vector B and 


taking into eccount that 
fap) ir BS =P Se Ey. 
from the term (VII-1) we get 


2 oe -jwt. (VII-2) 
Eo = JAM WSe He 


where AL, ~ Magnetic permeability of the body of cores; Q - equivalent 
area of the coil's cross-section; W- circular frequency; : tension 


amplitude of magnetic field. 


Thus the amplitude of e.n.f., excited in the multiturn inductance 


coil by harmonic magnetic field, will be 
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B =u WSe 5, (VII-3). 


Constant C= MOS, determines the main constructive and electrical 
parameters of this field detector. However, to use directly (VII.3) is 
practically impossible, since the parameters of coil and core are shown 
in it in concealed form. In this connection, when constructing magnetic 
field detectors, the electrical and constructive parameters of inductance 
coils should be determined by calculations in accordance with the 
recommendations for planning coils with core (154, 155, 288,), taking 


into account the above requirements. 


The permeability of core , depends on the properties of material 
and the ratio of core's length to the area of its cross-section. The 
constant of magnetic field detector Cp is affected by Be: In the multitum. 
inductance coils, it depends to a considerable extent on the area ratio 
of coil and core. For magnetic field detectors with OD of the inductance 
Coil similar to the diameter of core, it may be assumed that the magnetic 
flux, which pierces them, is equal to the flux in the core, due to which 
the section area of the coil should be approximately equal to the section 
area of the core (154, 155). But if the diameter of the coils more 
$han many times that of the core, it is necessary while calculating to 
take into account the magnetic flux adjacent to the core. For mitivlayer 


inductance coils, placed in the center of the core, vairation of the active 


area of the coil is estimated by factor Kp- 


On the output side, the inductance coil is the source of e.m.f., 
the load of which in aerial electric prospecting is usually the input 
resistance of the preliminary amplifier. In cogrdinating the e.n.f. 
source with the load, it is necessary to know its inner resistance. 


Therefore, in determining the sensitivity of the magnetic field detector, 
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estimation should be made first of inductance Lyactive resistance r and 


fundamental capacitance Clot the inductance coil with core. 


Fig.77 


The inductance of multiturn inductance coil with core is proportional 


to the square of the number of turns: 


L, = Kw. (vi1-4). 
where K - factor related to- geometrical dimensions of the 


coil, type of winding, parameters of core and coil position on the core. 


The inductance of field detector of this type could also be 
determined from the inductance of coil without the core L,and the effective 
permeability of the coil's core Al. In this case the inductance Lis cal- 


culeted formula (228). 


Ltt -9 
L, = wa, PH . 10 , &a (VII.5) 
where di- diameter of coil, em; Cp - constant, the value of which depends 
on the ratio of the coil's diameter to its length. 
Therefore, 


= wa PD Ay, + 107, oO. (VII-6). 


Inductance Loof the muiti layer coil is shown, in its turn, with 


high accuracy in terms of relationship (84): 
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b= Fw 2 (VII.7) 


where the coefficient F is determined from the ratio (39) 
ee oe 1 


xy ee oe = 
Re sy O45 48 ey 
x e 
l+y 
In this case 1 
Qa m 


More approximate formulas for calculating L,are given in the lit- 
erature (49, 116, 154, 182, 194). 
The active resistance of coil with core includes the sum of 


resistances: 

r=ty= ryt Tr: (VII.8) 
where Ty 7 resistance of the coil's copper; Tp - resistance equivalent to die- 
lectric loss in the coil; ro resistance equivalant to magnetic loss in the core. 


The resistance of copper is determined in this way: 


D 
e —oh. 
Py = 4pw > (VII.9) 


where P - resistivity, ohm.m; dy - diameter of wire, m; Dep - average 
diameter of coil, nm. 

The quantity Tp is calculated on the basis of the following condition. 
Dielectric losses have effect equivalent to the addition in series with coil 
inductance of some resistance, determinable by the following formula (194): 

Pp = T,w? Lc, om. (vII.10) 

Here (O = angular frequency, geo"; L - true inductance of coil, H- 

C - distributed capacitance, Pp; TH tg, where 5 - angle of loss. 

Thus, loss resistance rp depends on the construction of coil, signal 

frequency and the quality of insulation material. In calculations of resis- 


tance r introduction is frequently made of the correction coefficient Ky 


For a multilayer coil without core, it is possible to apply with frequencies 


of aerial electric prospecting ry (1.2 + 1.3) Dye 


Magnetic losses tr of inductance coil with ferrite core could 
be éstimated in relation to frequency according to the recommendations 
and methods given in work (228). However, an estimate of this type is 
considerably complicated and, in practice, usually the test data are 
used. Therefore, the quantity r is also most frequently determined 
by experiments. For instance, active resistance r could be determined e 
experinentally from the reading of tube voltmeter with high input 
tesistance, considerably exceeding the equivalent resistance of the 
circuit, which, in its turn, is primarily tuned to operating frequency 
(Oy of apparatus. 

By measuring in band 2ff ( at level 0.707) the signal value in 


the circuit, the Q-€eefficient of the circuit is determined from formula 


_ fo 


With the known inductance of coil Ly ( or resonance capacity C,), 


calculations of the active resistance of the coil are made: 


2uf L. 
_ a © 
r=ty+Ip)+r, = aaa o * I (VII.12) 


In the estimation of the magnetic field detector, made 
in the form of a multiturn coil with core, it is important to kmow the capa- 
city of the winding distributed between turns, as otherwise it is impossible to 
resolve the question regarding the frequency range of the detector and 
to determine at what conditions it operates at the input of the measuring 
devices. 

The capacity of the winding distributed between the turns of 
the winding is usually replaced by the equivalent concentrated capacity 


Che connected parallel to the coil. This capacity is often called 
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Capacitance of the coil. It should always be less than the resonance 
capacitance on high operating frequency of the field detector. In 
this case, the tuning of the detector is assured to the given operating 


frequencies by the commtation of external additional capacitances. 


The intensity of the capacitance C, depends mainly on the length 
of the winding, the pitch ratio of the winding to the diameter of the 
wire, the composition of boucherizing, the diameter of the coil and the 


material of its frame. 


In many layered coils, the distributed capacity, which is built 
up mainly due to capacitancesbetween the layers of the winding, could be 
determined approximately by the following technique. If the coil is so 
wound in the usual way, i.e., that the voltage at one edge of the adgacent 
layers is equal to the doubled voltage of one layer, and the potential 
between the same layers on the other end of the coil is zero, the 
equivalent distributed capacitance could be taken as connected parallel 
to leads of the winding. Its value would be determined from the ratio (194). 


Q.118P1¢ 
Ct aE » ng (VII.13) 


where P - circumference length of the middle turn, cm; 1 - axial length 
of the coil, cm; d - distance between the copper of adjacent layers, cm; 
T - number of layers; € - mean dielectric constant of insulation between 


layers. 


The distributed capacitance of the coil detreases with division 
of the winding into two and more sections. Each section should have as 
many layers as the whole coil, but the number of turns in the section 


layer should be less. In this case, the capacitance of each section is 
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determined from the indicated formula, and the capacitances of different 
sections are taken as connected in series. In the sum total, the general 
distributed capacitance of the coil is considerably lower than the 
Capacitances of individual sections. For instance, with two sections, 
the aggregate distributed capacitance of the coil decreases four times. 
However, in this case, the capacitance of the winding increases to 


infinite value, which to a certain extent detracts from the coil's quality. 


The composite relationship of the coil's natural capacitance Che 
specially of the multilayer one, does not siege permit the determining 
of its value unambigously. Therefore, in the construction of magnetic 
field detectors, the quantity Cy in the majority of cases has to be 
determined experimentally. As the experiments show, for multi-layer coils 
with a great number of turns-with close winding, this capacitance varies 
from a few tens to hundreds of micro-microfarads. If the core's material 
has low conductance, say, for instance, like ferrite, the natural capaci- 
tance of the coil is practically independent of the presence of the core 


(155). 


The calculation of capacitance C. on the basis of experimental data 


is derived from Tompson's formula (194): 


1 2 
Fe 4 gel, (Cy, - C,). (VII.14) 


where Con 7 external supplementary capacitance. 


The resonance frequencies of the coil are determined in practice 
with several values of external supplementary capacitances Con’ Measurements 
of this kind are usually carried out within the field of Helmholtz rings 


on frequencies somewhat lower than the natural resonance frequency of the 
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coil. If it is assumed thattwo measurements were carried out on two 


frequencies - f, and fs when ft, = 2f_, the naturalcapacity Ch could also 


1’ 
be determined from the following formula: 


Cc! = 4c! 
_ 7 BH BH 
eg (VII.15) 


where C aH - external supplementary capacitance at tf): ae - external 


supplementary capacitance at fo: 


36 Inductance of Multiturn Coil with Core; 


The inductance of a coil with the core, as pointed out, could be 
found from the virtual magnetic permeability of coil with core (having 
previously determined from formla (VII.5) or in any other way the 


inductance of the same coil without the core Lo): 


= a Ly (VII.16) 


where 2, + magnetic permeability of air, equal to 4 JT. 107! 


henry/m. 


Fermeability Ay. in its turn, depends on the permeability of core 
Pe? ratio of the length of winding 1, and diameter of coil D to the length 
1 and diameter of core d. 


1 
For a multiturn coil, provided = > 0.2 ( in aerial electric 


prospecting this condition is usually observed), value fa, is given in terms 


of the following relationship (154): 


1 
m= Pe 2(0,25 + 0,623 — ) 
D ja 
Qiong 


The magnetic permability of core/u, in section 1, cah be determined, 


(VII.17) 


if the initial magnetic permeability of the core's substance , ratio 
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+ and the length of the winding a are known. In multilayer coils the term 
for M, with cylinderical core could be written as * 


1 7 
Pe =Peut E - 0,255 a (vII.18) 


where Moy ~ magnetic permeability of the core's body in the central section. 


For cylindrical cores, if > 10, 


Pou oe ey) a 
) 


1+0, 765 8 
, Ps 


4. Quality and Sensitivity of Induction Magnetic Field Detectors. 


It is a known fact that e.m.f., excited in receiving antenna, meant 
for receiving the electrical component of variable magnetic field, is 
proportional to the virtual height of this antenna h a and the tension of 


electric field E in the direction of peak reception, i.e. 


E =h.E (VII.20) 


For antenna made in the form of inductance coil, 


27 WS, 
hs = an >» MM, (VII.21) 
where Sy - area of middle section of coil, m; X - wave length, nm. 


If the receiving antenna has a ferrite core, its virtual height 


h m increases as much as the increment of efficient magnetic permeability 


Pre 


2Kw5, 
bye =Puly Hy aa aa M. (VII. 22) 


where 2, - wave impedance of medium (2 = z.). For the void (dielectric 
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and air ) = = \ f = 120% = 377 ohn (18, 83). 


Due to rather small dimensions of the ferrite antenna , the 
sensitivity is inadequate; therefore, the antenna is tuned to the working 
frequency. In this case, its pick-up increases in accordance with the 


increased quality Q. of the resonance circuit. 
° 


Having determined the active resistance of the coil with core r 
from the term (VII.12) and inductanc eL, according to equation (VII.16), 


the quality of the magnetic field detector is calculated from formula 


cob 


In the case of idle running, the sensitivity of coil with core 
to the magnetic field is determined according to terms (VII.3) from 
formula 

0 Oe: M 


i = ar es 7 Ar (VII.25) 


If the field detector (ferrite antenna) is tuned into resonance 
and is not loaded by the output resistance of the amplifying stage ( or 
if this resistance exceeds considerably the resonance resistance of the 
tuned circuit), its sensitivity to the tension of magnetic field H will be 


determined from relationship 
S.= MYM %e. (VII.26) 


Substituting in equation (VII.26a) instead of hy Fs and Q. their 
o 
values from formulas (VII.22) and (VII.24), and also taking into account 


that Z = 120sr , we obtain (125). 


2 
240 7° wS 
ere Pee, Vv 


n 7 ay a (VII. 26-p) 


In this case the /, value is determined from forma (VII.17), 
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Due to the fact that on the output side, the inductance coil with 
core is loaded into the input resistance of amplifier R, which for the 
frequency range of aerial electric prospecting may be taken as purely active 
(sometimes not even very high), the sensitivity of coil 5, should estimate 
its shunting action. For inductance coil, tuned into parallel resonance, 


the sensitivity is given in terms of relationship (154). 


2 
Pe oS BL, 
5. = as é (VII.26-c). 
rR +O 


where CO. - angular resonance frequency; R - resistivity of load (input 


resistance of amplifier). 


5. Stability of Transmission Ratio in Magnetic Field Detectors. 


For error determination of apparatus near the coil with core 
tuned into resonance the interest is only for the lower nonturning region, 
where the transmission ratio of the magnetic field detector and its 
phase characteristic is affected to a considerable extent by the variation 
of external conditions, specially by the temperature of the surrounding 
medium. But ier] ati plate thane 88%, elements of the oscillating 


input circuit in the planned apparatus the basis should be the admissible 


phase and amplitude errors of the magnetic field detector. 


as 
The following could be referred to/the main factors determining 


the stability of the pick-up in the field detector in the form of coil with 


core tuned into resonance: 


1) The temperature coefficient of magnetic permeability ThA, of 
the core’s material; 2) the temperature coefficient of concentrated 
capacitance, by means of which the detector is tuned into the operating 
frequency; 3) the input resistance of the amplifying stage, having 


shunting effect on the output resistance of the magnetic field detector; 
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4) parasitic capacitances of the coil's winding and connecting wires; 5) 


resistance of the winding and connecting wires insulation. 


Experience has shown that parameter stability of the magnetic 
field detector is also affected by the change in humidity. Therefore, in 
aerial electri-prospecting it is necessary to apply air-tight high-quality 
condensers. To protect the inductance coils and other details of the 
detector from the effect of moisture it is expedient to apply various 


tars and compounds. 


Amplitude relations of the magnetic field detector are highly 
affected by the non-stability in resistance of load R and loss resistance 
r. On the other hand, phase relations are affected by the non-stability 
of inductance Lys resonance capacitance Cae? operating frequency a. 

If is mainly the non-stability of Wn, that forces the application of 
quartz crystal centrol of frequency fy in oscillators, exciting the 
electromagnetic field. In this case, as we know, the phase instability 

of the magnetic field detector becomes to a great extent dependent only on 
the instability of capacitance Cok? on which more eid demands are, 


therefore, imposed; than on induckance L. 


For the magnetic field detector, assembled in the form of 
multiturn coil with core, the known formulas of amplitude and phase. 
instability for coils without the core (154) hold good on the whole. 
However, in determining inductance Ly vs. the magnetic permeability of 
the core Mos it is necessary to take into account the effect of the 
variation of its parameters on the detector's characteristics. The 
instability itself of inductance Ly. in coils with core is shown by 


relationhip 
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A oO, (VII.27) 


where N - coefficient of demagnetization; Ay - coefficient accounting for 


relative variation of quantity al per 1°c; A Q@ ~ temperature gradient, °c, 


Coefficient of demagnetization N could be determined, according 
to the recommendations given in (155), from the core replaced by an 
equivalent ellipse of rotation, the demagnetization coefficient of which 


(*) 


has analytical expression. 


The relative instability of the core's magnetic permeability 
could, for practical purposes, be determined with sufficient accuracy 


from the relation. 


Af. 7, 1 
Pe * 8 ay ae (VII. 28) 
Po 


As follows from the equation (VII.28), the greater the N, the 


higher is the parameter stability of the magnetic field detector. This 
actually means that the core should not be too long and too thin, sincé 
the shorter it is and the greater its diameter, the higher will be the 


value of N. 


At the frequencies of aerial electro-prospecting the instability 
of the core's material permeability is estimated mainly by coefficient _, 
which determines the relative variation of fa per 1 °C. For ferrite cores, 
which have found application in magnetic field detectors in aerial 


electroprospecting apparatus, this factor usually is 3.5° 107° 


(*) Moreover, for cylindrical and prismatic cores with rectangular section 


tables were given (97,178), in which the test values of N are given in function 


1 1 where S— area of the core's croos-section. 
zt’ aa a aa 
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The phase instability of the magnetic field detector, assembled 
as inductance coil with core tuned into resonance, is determined at low 


detuning from equation (154) 


Ac AY, A ), a3: (VII.29) 
A pm - 9 (Ge + Ae eee pad 


Substituting in equation (vII.29) known or found values Qs 


A Al 

so ’ 7 » 2 A®is determined to a sufficient accuracy of the 
k os) 

64 Design and Construction of Magnetic Field Detectors. 


Magnetic field detectors without core:- Receiving coils without 
core could, in principle, have different shape. Most frequently applied 
are the coils of rectangular and cylindrical shape. In the estimation of 
these coils, besides the general aspects stated above, their natural 
resonance frequency Po should be taken as higher than their highest 
operating frequency, i.e., for striving and reducing as far as possible, 
the natural capacitance of the coils. At the same time, the fae should be 
such that the transmission coefficient K would have a low dependence on 
the frequency within the range of operating frequencies of the field 
detector. Its admissible variations, as a rule, should not exceed 10%. 
To assure the highest possible sensitivity and quality, the number of 
turns and the wire diameter of the receiving coil should be selected the 
condition that the maximum possible section area at the preset overall 


size is obtained. 


The natural resonance frequency fic of the receiving coil is 
determined by the value of its natural distributed capacity. Therefore, 


to assure condition foc >to2? where f52 - highest operating frequency of 
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the field detector, the natural capacitance of the inductance coil 
should be negligible. With low value of this capacitance, the stability. 


of the parameter of the field detector also increases. 


The distributed capacitance between the turns of the coil's 
winding could be shown as concentrated and connected parallel to the 
winding. In this case, the equivalent diagram of the coil'’s winding 
will correspond to the one in Fig.78, where EB - e.m.f., induced in the 
coil; L, - natural inductance of the coil; C= distributed (interloop) 


capacitance; R - active resistance of the coil; Be - tension on terminals. 


According to the equivalent diagram 


1 
ve | Jac 2 1 
Oe “CT1l-weLc)+ jorc 
E 1 1-W Le, + jake, 


ea r Je, 7 jac, 


Getting rid of the imaginary number in the denominator, we get 


U (1- usL Cc.) - JOR, C. 


gE (1- oft c)* + (wae)? 


Modulus of this ratio 


U, ; 1+ uFL ¢. 
oo (VII. 30) 


os 
(1~ oft c )* 1- (@*L ¢ )2 
folme) 00 


Fig. 78. 
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since the condition @ *n, “oe &1 is always observed for the receiving 
coils in the apparatus of aerial electric prospecting. The value 
(w*Lc)* in the denominator of formula (VII.30) conld also be ignored, 


since in pzactice (a*Ec Rk iy 


Therefore, 


ws 1+ wie. (VII.31) 


Value w*Le determines the e.m.f. loss in the coil. Denoting 


it as@ , we get 


2 
= WLC, (VII.32) 


6.U 
2. |S 


If it is assumed that the voltage at the terminals of the receiving 
coil could differ from the e.m.f., induced in it by not more than 1% in 
amplitude and 5' in phase, then in thick case@ = 0.01 and the admissible 
distributed capacitance 

2 


Cc rae 10 


(¥VIz.33) 
o™ 2 
wD 


The phase shift in the receiving coil is determinable from formla 


P = - arct ar oes = arctgW RC (1+W°Lc ). (VII.34) 
The constructional data of the round coil are determinable 
from relation 


-il 
GC = mee Con (VII.35) 
n 


In forma (VII.35) n - number of layers in winding; G - number 


of sections Char natural capacitance of layer, 
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0.0885 ¢ D1 
ee k 
cy = A 


Here -—- dielectric constant of the winding wire insulation; 1. a 


(VII.36). 


the length of the circumference of the coil's loop, 1. = 27tR = JED, 5 D- 
Ww W 

width of the winding, D = ea t= =A » Where -— the number of turns 

in the section; t - pitch of the winding; A - distance between the layers 


of the winding. 


let us take an example of calculating the receiving coil of the 


round section on the basis of ensuring its minimum distributed capacitance. 


Preset: diameter of coil upto 50 cm; operating frequencies 75; 
185; 475 and 925 cps; number of loops - not over 10 thous. with taps for 
operating frequencies from 4.0.10°3 1.5.10°3 6.10° of loop; wire PEV 0.2 
mn in dia.; winding pitch and distance between layers t+ =A = 0.4 m. 
The winding should be so constructed that the voltage, measurable at 
its terminals, would be distinct from the e.n.f. induced in it by not 


more than 1h, We take&£=5. Ge=1l. 


The maximum allowed capacitance of the winding 


Ww 
3 (n-1 ) 0,088 .5 .3t .50—— 


n 
Cc = 
° eee 
i.e. Cy = 100 At f = 925 cps; tw = 600 loops; L, = 0.75 henry; 
a* = 3.4.10° /aeas we have 
1p7?_ 16° 
ie apes 7 =~ 400 n 
mee 3.4. 10'. 0.75 


This distributed capacitance corresponds to the coil, in which the 


number of layers is 
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/100w _ f Ws 600 a> 
Vic > 400 =~ 


Therefore, the first section should have not less than 12 layers with 


50 ( == £08 =) loops in a layer. 


If f = 475 cps; w = 1500 loops; L, = 4.5 henry; Ww? = 9.10° i/sec*. 


-2 
; 10 = 
(ae a5 250 ng 


| a; 30 Tayers; 
b;, 68" layers; 
c, SO turns; 
d, 125 turns, 


This distributed capacitance corresponds to the coil, in which the 


number of layers is 
n= 200 +1500 100 _. oe 


Therefore, the second section should have not less than 25 layers with 
60 ( 4322 loops in a layer. Since the second section includes also 
the first, to simplify construction the 1500 loops could be arranged 
in 30 layers, each layer having 50 loops, with unsoldering from the 
12th layer, which corresponds to 600 loops. 


When f = 185 cps; tw = 4000 loops; L, = 32 henry; tor = 13.5.10° 


~2 
10 7 32 af 200.4000 
Co< . 5 — = 250 ng; n= 339 = 31. 


1/sec’, 
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i.e., a layer has “~ = 129 loops. 


This section should include 1500 loops of the preceding sections; 
the remaining 2500 loops could be arranged in 20 layers with 125 loops in 


a layer. 


At f = 75 cps; 7g= 10,000 loops; L, = 200 henry, a= 2.2. 10° 


1/sec*, we have 


ype = 230 ng ; n= 00210 - 66 
oS 2,2 . 108. 200 230 


4 
The number of loops in a layer is 150 10), This winding includes the 


preceding sections, in which the number of loops in a layer for 1500 loops 
should not exceed 50, for 2500 - 129 and for the remaining 6000 - 150. 
Therefore, 8500 loops can be arranged by having 125 in a layer, with 
unsoldering on the 20th layer for 2500 loops. Thus, we get a two-section 
winding (Fig.79). To reduce the intraloop capacitance of the coil, the 
second section can be divided into two or three parts, i.e., to make the 


coil multisectional. 


In the apparatus of aerial electro prospecting, the application 
is sometimes of field detectors in the form of retangular "air" frames. 
However, detectors of this kind have considerable overall size and it 
is difficult to make them shock-absorbent. For instance, in apparatus 
AERIS, the use was made initially of receiving frames, calculated for 
assuring minimum natural capacitance. The irregularity of the 
transmission coefficient of such ~ a frame (untuned and having figaw ie ke 
cps) in the frequency range 400 -— 4000 cps, was less than 10%. The 
receiving frame consisted of four sections, each 1000 x 200 x 77 m 
in size (Fig.80). The arrangement of the receiving frame in the outboard 


gondola is shown in Fig.81. The main parameters of the frame, assembled 
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of wire PEL 0.27 mm in diameter at f = 488 cps, are as follows: number 
of loops in the section 200, active resistance of wire 350 ohm, inductance 


0.78 henry, quality 6.33, sensitivity 0.63 gyo , virtual height 1.64.10°“m. 


In tuning the frame to high frequencies the use was not of four 


sections, but of two or three depending on the operating frequency. 


Fig.81l 


Field Detector in the Form of Coil with Ferrite Core. Multiturn 


coils with ferrite cores have a big advantage over the usual "air" coils 
(frames): small overall size and weight, insignificant sensitivity to 
electric fields and comparatively high sensitivity to the magnetic ones, 


possibility of constructing simple but reliable protection against vibration. 


We assume that the field detector has to operate in a two-frequency 


apparatus of induction method, within a certain frequency range, at preset 
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Magnetic moment of oscillating frame = As usual in aerial induction 
method, the product of moment ( m ) vy sensivity a5 in preset frequency 
range should be a constant quantity (125). Therefore, the e.m.f., induced 
in field detector by primary field at reception point ( i.e. with lowering 
of gondola to the whole operating length of wire-cable) should be the 


same on all operating frequencies of the apparatus (mS, = const). 


We assume that m9,, = 2.25.10", put for assuring simultaneous two- 


K 
frequency operation magnetic field detectors should have two coils: one, 
operating on frequencies 244; 487 and 974 cps, and the other ~- on 
frequencies 974; 1949 and 3898 cps. The magnetic moment of oscillating 
frame on frequencies 244, 487, 974, 1949 and 3898 cps respectively will have 
3, = 9.107: 


the following values (ayia?) n, = 18.10"; m, = 15.10°; m 


2 
z, 

n, = 4.5.10°5 a, = 3.6.10°, The initial magnetic permeability of the 
* 

core ene ) MT-4000 (uc-2000), m, = 4000; the constructive AL, ge 11; 

the shape of the rectangular core dimensions 12 x 24 x 140 mm. The 


magnetic field detectors are set up inside the outboard gondola. 


The required sensitivity of magnetic field detectors is determined 
on the basis of ratio ms = 2.25.10". On working frequencies of the 


apparatus the sensitivity should correspondingly be ( Wa ): 


Sp, = 50; Sp, = 62.5. 


Using formulas (¥II.3) - (VII.6), and also recommendations of 


paragraph 1, we choose, according the required sensitivity, the type of 


(*) Oxyfer MT-4000 (MC-2000) has very low temperature coefficient of 
permeability, which assures sufficiently high temperature stability 
of induction coil. 
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ferrite core and the construction of magnetic field detector for low 


frequencies and the systems of its protection against vibrations. 


In the given example the construction of the coil was selected 
same as the one in Fig.82. The first coil for operating on low frequen- 
cies 9 consisted of six sections of 800 loops each. The frame of the coil 
8 was made of high quality laminated bakelite. The winding was of wire 
PEV-2, 0.51 mm in dia. On frequencies 974; 1949 and 3898 only four 
sections were cut in, and on remaining frequencies - the whole winding. 
With switch-over of loops on two separate coils it was possible to obtain 


two magnetic field detectors for operations on two frequencies. 


Fig.82 


The splitting of the coil into six sections was done with the aim 
of reducing the natural parasitic capacitance of the coil. To decrease 
the humidity effect of the surrounding medium the coil was placed into 
cylinder 5 of plastic glass, the bottom and cover 3 of which were made 


of high quality textolite. Thickness of cylinder walls was 4 mm. The 
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covdrs were tightly fitted to the inner surface of cylinder. When the 
covers were placed the contact surface was smeared with bakelite varnish, 
with which the internal and external surface of cylinder was also saturated. 
Supplementary tightening of the bottom and lid to cylinder was implemented 
by textolite screws 4, which,. before the screwing on, were also smearéd 
with bakelite varnish. By these means a sufficiently high sealing of 


the coil was attained. 


The space between the coil and inner surface of cylinder was 
filled with synthetic porous material - paralon 6, which was the first 
stage of shock-absorbtion. In order to raise the resistivity of 
insulation, the taps 1 of the coil were made inside the ceramic 
insulators 2, set in bakelite on the lid of cylinder. Due to low thermal 
conductance of paralon, air in the cylinder and the material of which 
the cylinder was made, the receiving coils were of high temperature 


inertia. 


The cylinder was fitted with two textolite rings 7 with chamfers, 
by means of which the cylinders were suspended on rubber tape inside the 


gondola. This assured the second stage of shock-absorbing. 


Given below are the experimental data, characterising the field 


detectors: 

LF Coil HF Coil 
Frequency, CPS.....-eeeeeeees 243 487 974 974 1949 3898 
Sensitivity, afar alee pvieas 6.25 21.5 68.0 59.4 85.3 106 


According to these data, the required value of nS is not assured 
only in frequency 243 cps due to low s Thus, the coil in principle could 


be reconstructed and the sensitivity of field detector obtained upto 
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v : 

= ° . i lo lations at 
about x 12.5 a/n However, in some cases anomalous rela a 
low frequencies are consideratily in excess of similar relations on high 
frequencies, as a result of which the above requirement for low operating 
frequency is not always observed. So it was with the apparatus had 


sensitivity on frequency 243 cps at which the product = was almost half 


of the adopted value. 


Tate ne ! | 


EE AT on 


Fig. 83 


If on other operating frequencies sensitivity of coil is found 
to be higher than required for obtaining the specified ms it should be 
reduced to the required one. This is resolved most simply and reliably 
by introducing into oscillating circuit (tuned to operating frequency) 
a supplementary active resistance, which reduces its Q-coefficient (125). 
Thus it was possible to assure the sensitivity of field detectors; 


required for AERI-2 apparatus basic parameters of which are shown in 


Table Te 
TABLE - 7 
Parameter LF Coil HF Coil 
Frequency, cps 243 487 974 974 1949 3898 
Sensitivity, Jn 5 15 (25 25 50 62.5 
Q-coefficient (at level 35 66 56 56 7h 35 
0.707). 


Equivalent sensitivity 


5 1 2.25 2.25 2.25 2.25 2.25 
according to field mS,,-10 
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In designing and planning of coils with core it is necessary 
to take into account the external conditions of the operating apparatus 
(specially temperature and humidity of the surrounding air). Experiments 
have shown, that in temperature range from - 15 to + 50°C at various humidity 
the magnetic field detectors had for 50 hrs almost invariable sensitivity 
and the frequency of tuning was maintained within them with high accuracy, 
Therefore, the coil with core meets the working conditions of apparatus 
in aerial electro-prospecting. The efficiency of measures adopted for the 
protection of apparatus from vibration should be tested additionally 


during the flight of aircraft. 


The receiving coils with core for AERA-2 apparatus in BDK method 


are of the same type and almost the same specifications. 


An example of receiving coils with cylindrical ferrite cores 
F-2000 (red dia. 10mm, height 215 mm) are the coils of AERIS apparatus. 
These coils are sectional and have a stepwise winding. Fig. 83a, shows a 
diagram of this type of coil for frequencies 500-4000 cps, and in Fig.83-b, 


for frequencies 1000-8000 cps. Basic parameters of coils are shown in Table-8, 


Nt 
HIM 


I 


i 


i 


a 
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Table-8. 

Parameter HF Coil 
Frequency range, cps 50042000 1000-8000 
Number of loops 55934 1617 
Type of wire PEV-0, 38 PEB-O, 35 
Resistivity to direct current, ohm 67 13,7 
Constructive nagnetic permeability, ry, 35 
Inductance, millihenry: 

without core 6.5 
with core 237 
4 

ee vs, 
Sensitivity, Tn : 

f = 488 cps - 

f=976 " = 

f = 1953 " ~ 

f = 3906 '" 40 

f = 7812 " 74 
Q-Coefficient: 

f= 488 cps - 

f= 976 " - 

f= 1953 " = 

f = 3906 " 78 

f= 7812 " 66,5 

7. Practical Determination of Main Parameters in Magnetic Field 


Detector. : 


To increase the reliability of apparatus in aerial electro-prospecting 
all its main units, including the magnetic field detectors, should be 
carefully checked even during its construction. Sensitivity and Q~coefficient 
determination of receiving coils is one of the main checks of the receiving- 


measuring group of the apparatus (91). 
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To build up a uniform magnetic field the application is of Helmholtz 
coils with kmown geometrical dimensions and number of turns on each coil. 
The magnetic field detector, which is being investigated, is set up within 
the coils. Sensitivity of field detector is determined from the intensity 


of magnetid field tension H, within the coils (121): 


to/ 
2 poe F/M. (VII.37). 
k 


Hy = 7,14. 10 
where WW- number of turns in one coil; I. - current passing through the 


coil, &; RY - average radius of coils, m. 


Usually the eurrent intensity Zhe is passed through the coils, and 
from the known values W and RP determination is made of the field intensity 


Hy, inside the coils. If I. = 14, the ring constant is represented as: 


ae a 
C= ayn (VII.38) 


With a known constant of coils C, (on Helmholtz coils the value of 
this constant is usually marked) field intensity inside them is determined 


from the relation: 


3 I 
107 /k k 
Hy) = 4TtC, ~~ 80 Cy. ’ a/M. (VII.39) 


When the constant Cie potential field induced in the detector U., 
and the current of coils q, are known, sensitivity of magnetic field 


detector is determined from formula 


S = wer < (VII. 40) 
p sok ° : 


Fig.84 shows a diagram of a test unit for determination of values 


oe and Qs where 3 - audio-frequency oscillator, K3f" cp- guartz master 
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oscillator of fixed frequencies; 0 - oscillograph; K - Helmholtz coils; 
[7 K - receiving coil(L, and C-C - respectively inductance and capacitance 


of coil); LB - tube voltmeter; R, -resistance, cut in series with Helmholtz 


k 
coils (BeB terminals on resistance RJ My - preliminary (gondola) amplifier 
of aerial electro-prospecting apparatus {A-A terminals at its input 6-6 a 


terminals at the output). 


Fig. 84 


Current in Helmholtz coils is measured indirectly from the drop of 
the potential field UR on resistance Ry. (terminals B-B). The extent of 
resistance is taken such, as to prevent additional errors during the 
measuring, for instance, of errors due to outside induction, induction 


from power line, etc. 


The sensitivity and Q-coefficient of magnetic field detector (1, »€) 
is determined as follows. Primarily from voltmeter by means of audio- 
frequency oscillator the current is set in Helmholtz coils io of a chosen 
intensity and’ preset operating frequency. Then the tension is measured 
on terminals A-A or 6- (. With known tension on the terminals A-A, 
current I, and constant Ch determination is made of detector's sensitivity 

U 


from formula (VII.40). Or, with known tension output on terminals 


tension Up resistance R. and amplification coefficient of amplifier K, 
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sensitivity is determined of the magnetic field detector: 


U.guk, ©, Vv 
: i. 
Sy” “sku, OT (VII.41) 


Tuning and resonance frequency of the receiving coil circuit 
are checked by varying frequency of the audio-frequency oscillator while 
measuring potential field ae by tube voltmeter. The constancy of the 
moment of operating frequency 7 and resonance frequency t. of the Le cir- 
cuit are checked by Lissajous figures by means of oscillograph. For this, 
signal from the Lc circuit is fed to one pair of terminals, and to the 
other - signal from the master quartz oscillator of the experiment apparatus. 
At the constant moment of frequencies, oscillograph scrzen shows: an 


immobile image in the form of periphery (ellipse). 


The Q-coefficient of magnetic field detector is determined from the 


deviation of frequency from fy of receiving coil to the extent 2A f at 


: : saat 
level 0.707 of the maximum y a) from formula (VII.11), i,e. Qa OAT. 


The amplification coefficient of amplifier Ff] y is usually known 
U 
out 


on each operating frequency of the apparatus and is measured as ratio Fi ° 
During the measuring it is necessary to make sure, that the voltmeter dese 
not cause any appreciable distortions in electric parameters of the 
receiving circuit (its input resistance should be sufficiently high, and 


the input capacitance negligible). 
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CHAPTER - VIII 


TRANSMISSION OF SIGNAL OF THE MAIN PHASE TO 
THE MEASURING APPARATUS OF THE BDK METHOD. 


SeSSS SSS Sarre Hat SS SSS SHS SS SS SSS SS SS SSS TS TS ST STS 


16 Propagation Specifics of Key Signal Radio-Waves and 


the Selection of Carrier Frequency. 


In recording magnitude cp ., UL ’ VS and modulus UL of 
the cable field signal in the measuring apparatus, set up on a 
mobile object (plane or helicopter), the key signal should be 
transmitted through a special radio-channel. This signal must 
reflect the current phase in the cable. To ensure reliability 
of the measuring apparatus, the key signal at the reception point 
should considerably increase interference in the air, and its 
phase should not depend on the position of the helicopter. In 
connection with this, let us consider the specificity in 
propagation of the key signal as applicable to radio-waves 


its transmission from the ground power unit to the mobile 


measuring group. 


B.A. Vedensky (37) has shown that the electric field 
of radio-waves at the point of reception may be taken as a 
result of interference of surface rays, direct and those 
reflected from the ground which are picked up hy the receiving 
antenna. This question is discussed in detail in (72), where 


the formulas for estimating the field density, the attenuation 
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coefficient has been introduced. 


, why he 2 
F = 1+ 2R cos ( 0 + 1 ) +R (VIII.1) 


Here R = modulus of reflection coefficient from the ground; @ ~ 


angle of phase loss with reflection; r - distance between reception and 


transmission points; h, and h, - respective height of transmitting 


2 
and receiving antennas. 

The field density at the reception point could be given in 
terms of the following formula: 
173 PD, 

r 


E = F, MY/M. (VIII.2) 


where D, - directive gain of the transmitting antenna; P. - 


transmitter power kwts; r - distance of the transmitter, km. 
According to formula (VIII.1) the attenuation coefficient 

F varies its magnitude in relation to distance r (Fig.85). For 

instance, with the reflection coefficient R = 1 it may vary from 


zero to two. 


In our case, when the reception of the key radio-signal is 
on the helicopter, the role of the ground as a reflecting surface 
is performed by the body of the helicopter and the equivalent 
surface, formed by the fast-rotating screw (diameter of screw is 
about 22 m). These surfaces for radio-frequencies 38-40 m-cps, 
used for the transmission of the key signal in apparatus AERA-58, 
considerably exceed the operating wave length ( A = 7.5 m) and 
are quite satisfactory reflecting surfaces. However, in this 


case, the reflection coefficient cannot attain value equivalent 
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to ome. Therefore, the variation range of the attenuation 
coefficient decreases considerably and the general variation of 
magnitude E will be lower. Density variationge: in the field of 
key signal E have the same recurrence vs. distance, as the AGC 
circuit of the receiver with amplitude modulation manages to 


operate at the speed of the helicppter's flight upto 120-140 km/hr. 


This type of key signal variation takes place, when the 


helicopter flies along a straight line at one altitude. In turning { 
| 
around, descending and ascending, there may be considerable variations | 

i 


of E, caused by the additional screening of the receiving antenna 


by the rotating screw and the body of the helicopter. 


Electric prospecting by the BDK method is invariably 
carried out with the helicopter flying at an altitude of 30-59 m 


above the ground surface. 


The maximum possible distance of the key signal transmission 


can be determined from the following formula (143). 


Trax Fey tel2 Ch, + 7 h,)- (VIII.3) 


In accordance with this formula, which estimates the 


refraction of radio-waves in atmosphere, the distance of radio- 


communication is greater than the optical visibility. For instance, 


~ 2h9 ~ 


for our case, when h, = 30-50 m and the height of the transmitting 
antenna of the generating ground unit of the apparatus h, = 10 m, 
the maximum distance of radio-communication by ground ray r does 
not exceed 35-42 km. With the setting up of the ground apparatus 


in the middle of the survey topomap, the obtained obtained r values 


are quite acceptable. 


However, in the practical implementation of the BDK method, 
the survey is frequently conducted in extremely rough locality 
(on hillocks, in mountains, etc.). In this case, there may be 
screening obstacles on the path of radio-waves propagation. If 
the dimensions of the obstacle are not large, then due to diffraction 
and additional reflections the signal at the reception point couid 
be of considerable magnitude. But if the screening obstacles are 
considerable and are close to the transmitter of receiver, 
there may be cases when the radio-signal will be completely absent. 
In the presence of the screening obstacles, fhere are points at 
which the radio-signal may have additional amplification of upto 


26 db due to the signal reflected from this obstacle (72). 


In practice, these events are manifested at the receiving 
device, which is set up on the helicopter, in the form of total 
disappearance of the main phase radio-signal or byits considerable 
increment at individual points of survey traverses in hilly areas. 
Obviously, at the moments of disappearance of the key signal the 


normal operation of the measuring instruments ceased. 


As mentioned in the foregoing, in the first AERA-58 apparatus 
of the BDK method the key signal was transmitted on the frequency 


of ultra-short wave range 38-40 mcps. These frequencies were 
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selected because of the low level of atmospheric interferences 

and of interfering radio-stations, and because of the relative 
simplicity of the transmitting and receiving antennas. It was 

noted, however, that the radio-signal of the main phase was sometimes 
not transmitted through AERA-58 apparatus. In 1961, in manufacturing 
the modernized apparatus AERA=2 and AERA-3, the carrier frequency 

of the key signal was taken within the frequency range 2-3 megacycles 
per second. Considerable reduction of the carrier frequencies was 
justified by the fact that they possessmuch better diffraction 
properties of the ground wave and less absorption in the ground. 
Although on these frequencies the atmospheric interferences are of 
higher magnitude than on ultra-short wave frequencies, they are 
compensated by power increment of the ground radio-transmitter. 

And, finally, surveys by the BDK method on the helicopter are 
conducted only during the day when interferences from other radio~ 
stations on these frequencies are negligible. 


20 The choice of polarization for transmitting and receiving 
antennasSe 


In the BDK method the helicopter with measuring instruments 
may take up various positions in respect of the gwound generating 
unit. Because of this it is necessary to use for the radio-~ 
transmitter of the key signal an antenna with a circular directional 
diagram in the horizontal plane or directional antenna with automatic 
orientation towards the helicopter. The second course is more 
difficult and its application in the BDK method is inexpedient. 

Application of the antenna with a circular diagram presents 


no difficulties. Therefore, both in the AERA-58 apparatus and in 
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the subsequent devices AERA-2 and AERA-3, the antennas used for 
the radio-transmitter of the key signal and on the helicopter are 


of the circular directional diagram. 


Puc. 86. Puc. 87. 


Fig.86 Fig.87 


On the ground this type of antennae could be fitted for 
waves with horizontal and vertical polarization. It is very 
difficult to fit an antenna on a helicopter with horizontal 
polarization and circular directional diagram in the horizontal plane. 
Therefore, it would be expedient to use vertical polarization of 


the main phase signal. 


For the ground radio-transmitter it is advisable to fit 
a vertical antenna with low angle of emission peak toward the 
horizon (Fig.86). Within the range of ultra~short wave, such an 
antenna could be a quarter-wave dowel with horizontal oscillators 
(Fig.87), half-wave dipole (Fig.88-a) and a system of half-wave 
dipoles (Fig.88-b). On the receiving side of the main phase 
radio-signal, a quarter-wave telescopic dowel antenna, can be 
used which moves out from the freight cabin vertically downward 


after the helicopter takes off. 
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Puc. 89. 


Puc. 88. 


Fig.88 Fig.39 
When using for the main phase radio-channel intermediate 
wave frequencies of 2-3 megacycles per second, the transmitting 
antenna could be made up in the form of vertical umbrella~like 
antenna (Fig.89, where A-antenna, [1 - counter-weight), and 
the receiving antenna, as in the case of frequencies 38-40 Mcsp, 


in the form of a telescopic dowel 2-3 m in length. 


Be Modulation of the Main Phase Radio-Signal: 


For electric prospecting by BDK method, the use could be 
made, in principle, of all the existing methods for the modulation 
of the main phase radio-signal. The expediency of transmitting the 
key signal on frequencies 2-3 Mcsp was pointed out in the foregoing. 
Hence, in selecting the type of modulation, it should be estimated 
whether it is applicable on these frequencies, and the specific 
operating conditions of the airborne apparatus should also be 


estimated, 
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It should be mentioned that, due to rélatively low radio- 
frequencies, the radio-channel of the main phase should take up 
in the air a frequency band as narrow as possible. In this case, 
firstly, the radio~channel in question will be of minimum interference 
to the adjacent channels of radio-communication and, secondly, it 
will be possible to narrow down the transmission band of the receiving 
track, which assists in enhancing the protection of the channel against 


interference. 


If frequency or phase modulation is applied, the width of 
the frequency band in the air will be determined by the following 


formula (206). 


2APRrem2F (14m). (VIII .4+) 


where F - modulating frequency; m - modulation index. 


With frequency modulation, when m = Mem? We have 


k U 
a fF Mm2 AW Af 
me Mo ra) = ee (VIII.5) 
With phase modulation, when m = mn? we get 
Mem “APE, Wao (VIII.6) 


where, cp - maximum phase variation of oscillations during modulation; 


va amplitude of modulating tension; Keim? oe 


coefficients, respectively, of frequency and phase modulation, 


= proportionality 


which determine the steepness of the modulation characteristic. 


The modulation index could be fromm€1 tom 1. at 


m 2&1 width of the frequency band, taken up by the radio-channel of 
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of the main phase, will strive towafd two, ieee, toward the spectrum, 


taken up by the radio-signal with amplitude modulation. 


However, with frequency or phase modulation with low devia- 
tion of frequency AW in the receiving track, the output voltage 
at the output of the detector will be low, since 


de 


ler = 8 a er = Sirer 84 (t) (VIII.7) 
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In the actual circuits, the value m is taken within 0.5-20 
and even higher. In this case, the band of frequencies taken up in 
the air even with one-frequency modulation, as in apparatuses 
AERA-58 and AERA=2, will according to formula (VIII.4), be very 
high, upto to some tens of kilocycles. Naturally, this type of 
radio=chanhel on frequencies 2-3 Mcps will be affected by the 


interference of other radio-stations. 


On the basis of what is stated above, it may be reaffirmed 
that the application of frequency modulation for the transmission 


of the key signal in the BDK method is inexpedient. 


Lately, the one-band radio-communication has become very 
widespread. Without discussing its advantages (4, 40, 245), let us 
analyse the possibility of its application in the apparatus of the 


BDK method. 


It is well known that for the reception of one-band signal, 
the carrier frequency has to be restored in the detector. With 
thermostatic control of quarts resonator it would be very difficult 
to obtain in the movable apparatus frequency stability of the quartz 


7 8 


oscillator above 10 ‘ - 10. The -¥ariation of suppressed 
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carrier frequency in the transmitter or of that restored in the 
receiver due to external effect (temperature, pressure, humidity, 
etc.) results in displacing the side band spectrum to the same extent 
as in the case of variation of the carrier frequency. For instance, 
with the carrier frequency of the key radio-signal F, = 3 Meps, 

the absolute drift of frequency due to frequendy instability of 


8 will be 0.3 - 0.03 CPS. 


the quartz oscillator about 107? = 107 
Therefore, shifting of the key signal audio-frequency will be the 
same, as in phase measuring, which may cause an error of 10.8 = 
1.08°, It is obvious that the use of some carrier frequency 
residue (pilot-signal) on the transmitting side with automatic 


tuning on receiving may reduce the phase errors of the radio- 


channel to permissible numbers. 


With the transmission of the key signal by the method of 
one-band radio-communication, it is necessary also to estimate the 
Doppler effect which, in our case, is due to the shifting of the 


key signal detector in relation to the transmitter. 


Distance variation between the stationary transmitter and 
the shifting receiver affects the absolute value of radio-signal 


frequency (140). 


In the case of detector's removal 


f, =f,(1- = ); (VIII.8) 


in the case of detector's approach 


, Vv 
f, = fy (1+ = ) (VIII.9) 
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- carrier frequencies of the key signal with an estimate 
of Doppler effect; f - absolute value of carrier frequency; v - 
velocity of detector's shifting; c - propagation velocity of radio- 


WwaveSe 


With the carrier frequency of the key signal fy = 3 Meps, 
its variation, due to Doppler effect, is 100 km/hr, £ 3 cps, at 
the flying speed of the helicopter which corresponds to the phase 
variation of the key signal over s 1000°. The automatic control of 
frequency f is practically impossible due to difference in the 
relative velocities v of the receiver and the transmitter. Thus 
it is possible to come to the conclusion that the application of 
one-band radio-communication for transmission of the key signal in 


the BDX method without a complex diagram of automatic tuning of 


the frequency is excluded. 


In apparatuses AERA-58 and AERA-2 the transmission of the 
key signal was implemented by amplitude modulation with quartz 
frequency stabilization of the master oscillator of the transmitter 
and the heterodyne of the receiver. Although from the energy 
point of view amplitude modulation takes the second place to fre- 
= 5-10 keps). The master oscillator 


4 


and the heterodyne of the receiver may have stability upto 10°. 


quency of receiver oe SS 


It seems of interest to use the autoanode modulation of Kruglov, 
Dogherty diagram (206) and other methods of amplitude modulation, 
distinguished by higher efficiency. 

During the development of the apparatus for the BDK method 
and in its later exploitation, the stability of phase response in 


the main phase-radio-channel was frequently investigated. In every 
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case the error did not exceed the allowed ( = 2°). It is obvious 
that amplitude modulation may be recommended for new sets of 


apparatus for the BDK method. 


he Apparatus of Key Signal Radio-Channel. 


Fig.90 shows the functional diagram of radio-transmitting 
part of the radio-channel in apparatus AERA-58, which is on the 


ground generating unit (57). 


The bearing voltage ULs reflecting the current phase in 
cable I, is taken off the resistance 7. The transformer 2 ensures 
galvanic separation of voltage UL and current I. The secondary 
circuit of the transformer is practically unloaded, therefore the 
introduced phase error does not exceed 10-20'. To compensate the 
phase shifts in subsequent track elements the modulator, the output 


stage of the transmitter, the transmitting antenna, etc.), the 


phase-inverter 3 connected at the output of the transformer2. 


"1 


2 


4 of the transmitter. 


Bearing voltage U 


arrives after the phase-invertor to the modulator 


Fig.90 
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Any types of commercial transmitters, which meet the 
demands of frequency range and stability, type of modulation and 
output power, may be used as radio-transmitters. Moreover, when 
the measuring.and recording apparatus is set up on helicopter MI=-4 
the radio-transmitter of the key signal should permit continuous 
operation for 2.5-3 hrs. With the setting up of this apparatus on 
any other types of helicopters and planes the continuous operation 
period of the key signal radio-transmitter will depend on the 
duration of the flight with one full filling up of fuel. This 
specific requirement of the radio-transmitter has been noted in 
particular because many radio-transmitters, specially the ones in 
aviation, are, as a rule, estimated to operate for a short-period 
and when used for the transmission of the key signal during a 


prolonged period get overheated and go out of order. 


The transmitter, included in the set of AERA-58 (Fig.90) con- 
sists of the master oscillator 5 with quartzes A and B, the multi- 
plying stages of frequency 6, the output power amplifier 7 and the 
antenna 8. The modulator 4 modulates the output stage by anode 
and screen-grid. Through the same modulator, one-sided command 
radio-communication by means of the microphone 19 may also be 


executed. 


The key-signal phase is controlled by means of a device 9, 


which is a ring phase-indicating detector, to one of the inputs of 
t 


- - ' 
which is fed voltage UL» and to the other voltage Ub. wage tne 


1 


PAL 
b and Up The 


indicator, the zero phase shift is fixed between U 


i] 
UL voltage is taken off the output of the special indicating 
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receivef 10, at the input of which the antenna 20 is cut in. 


By adjustment of the phase inverter 3, the phase of the 
te 


b 


1 
obtained between UL and Ut! 
b oe 


signal, transmitted into the air is controlled. The oscillograph 


modulating voltage U_ is turned until the zero shift of phases is 


In this way, the phase of the key 


18 controls the shape of the key signal. 


On the transmitting and receiving side of the channel are 
the timers. The triggeriag of the timers is effected by the signal 
of the key signal radio-transmitter. With appearance of the key 
Signal in the air, the low frequency synchronized oscillator 11 
receives the triggering synchronizing voltage Uy » and the 
synchronous motor 12 power. The diagram of the oscillator 11 is 
constructed in such a way that, irrespective of the current frequency 
in cable I, voltage with frequency 40-65 cps is fed to the 
synchronous motor 12. Fixed on the motor axis is the needle of 
the seconds counter 13 and the contact system 14, which gives one 
impulse every 30 sec. Through the electromagnetic writing device 
15 these impulses insert the time marks on the tape 17. Onto the 
same tape the galvanometer 16 records the current I in the cable. 
The command radio-communication with the measuring (mobile) devices 


is conducted through the helicopter radio-station. 


In contrast to ABRA-58, the AERA-2 apparatus does not have 
a device for current recording in the cable, nor a system for time 
Marking on the tapes of pen-writers, connected with the frequency 
of the modulating key signal. However, the extensive productive 


tests of the BDK apparatus have shown, that there is continuous 
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current variation in cable I with non-stop operation of the 

generating unit (due to oxidation of grounding electrodes with the 
transmission of the alternating current). Moreover, there is 

evidence of short-period variations of voltage from the portctle 

power plant, feeding the generating unit. Therefore, it becomes quite 
obvious that current recording in the cable and the timing would be 


expedient. 


Fige91 shows the functional diagram of the receiving arrange- 
ment of the key signal phase radio-channel in AERA-58. The modulated 
key radio-signal is picked up by the dowel antenna 1, pushed out 
of the helicopter cabin, and arrives at the amplifier of high 
frequency 2 of the radio receiver. Quartzes of channels A and B are 
cut in to the transformer 3. The fifth quartz harmonic and the 
receivable signal form the intermediate frequency, which is amplified 


by a two-stage amplifer of the intermediate frequency 4. 
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The transmission band 2 f = 20 keps, intermediate 


tr 
Pecueiey 3 Mepse The wide transmission band on the amplifier of 
intermediate frequency has permitted reducing to 20-30, the phase 
errors of the radio-receiver, which emerge due to the withdrawl 
of the trensmitter frequency, the heterodyne frequency, the variation 
of parameters of input circuits and the intermediate frequency 
transmitters. From the detector 5, the direct current voltage is 
fed to the circuit of the automatic sensitivity control 6. The 
automatic control is extended to the stages of HF and IF amplifiers. 
The indicator of the signal's magnitude 10 (S-meter) is cut in to 


the IF amplifier. The LF amplifier 8 and phones 9 are meant for 


audio-control of the key signal. 


From the detector 5, the sound voltage (key signal) is fed 
into the input of the cathode follower 7 and, hence, to the 
measuring apparatus 17. The key signal also arrives at the input 
of LF synchoronized oscillator 11. The circuits of synthronized 
timing oscillators in the ground and air-borne groups are identica}; 
these are two-stage synchronized frequency dividers, controlled by 
modulating the voltage of the key signal. As the synchronic 
moters 12, energized from synchronized oscillators with frequency 
, 40.65 cps, serve CD-2 motors with a supplementary reducer. On the 
shaft of the motor a needle is fixed and from the dial-face 13 


it is possible to control the operation of the timer. 


The pulses of direct current from the contact pair 14 are 
delivered to the recorders, where they are fixed as time breaks. 
The synchronous motor 12 begins rotating from the moment of 


emergence of the modulated key signal, which is cut in on the ground 
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generating unit at the command of the operator at the measuring 
instruments. In this way, synchronizm is attained between the 

start of recording on the recording devices 15 and 16 and the ground 
recorder of the cable current and also the automatic printing of 


time breaks. 


The radio-receiver of the key signal is AERA-3 is assembled 
on a similar circuit, but due to the lower carrier frequencies of 
the key signal (2.3-3.2 Meps) the A and B quartz are used on the 
main frequencies without additional multiplication of frequency, 
and the intermediate frequency re is assumed to be 465 kcpse The 
width of the transmission band on the intermediate frequency is 


8-10 keps. 


The small size short-wave frequency radio-receiver with 
quartz control of the heterodyne frequency, devised for AERA-2 
and AERA=3, could serve as prototype for the future development of 
similar devices. Therefore, we should anelyse briefly its functional 


diagram, shown in Fig.92. 


The HF signal of the main phase arrives from the antenna 
through the coupling condenser C, into the input circuit Lis Cos Cz 
Depending on the magnitude of the carrier frequency (channels A 
and B), a semivariable capacitor Cc. or c, is cut in to coil L, by 
means of change over switch fas From the input circult through 
antiparasitic resistance R, the HF signal is delivered to the 


control grid of the HF resonance amplifier Lye 


From the anode circuit Los Cos Ce the amplified HF signal is fed 


through separating capacitor Cy to control the grid of the frequency 
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converter L,. Heterodyne signal L, with quartz crystal control is 


2 
fed to the same grid. 


3 


The quartz heterodyne is assembled on the circuit of 
an autogenerator with electronic coupling, tuhed by the circuit and 
quartz resonator, connected between the control grid and the 
cathode. This circuit is made distimet by its frequency stability 


6 


of about (1-10).10 and has sufficient current amplitude of the 


operating frequency on one circuit. The coupled circuits Les Cig) 


Cag and Los Cys Cag permit the attenuation of the high harmonics 


of the oscillator. 

In the anode circuit of the frequency, the converter Ly 
Caz emerges an intermediate frequency, which is further amplified 
by tivo amplification stages - Ly, and Los From the last coupled 
circuit of the intermediate frequency Logs Cour Lio» C25) the voltage 
arrives at the detector of the key signal - léft.hand diode Lge 
The LF signal, taken off load resistances R53? Reus arrives at the 


supply cireuit of the timer motor. The key signal is taken off 


resistance Nair 


For audio-control of the key signal and reception of one 
sided information from the generating (ground) unit, the receiver 


is provided with a special LF amplifier on pontode Lge 


The right-hand diode Lg is meant for operating within 
the circuit of automatic sensitivity control of the receiver. Onto 


its anode through the capacitor C is fed the voltage of 


oo 


intermediate frequency from the first circuit (Lo, Coy) of the 


ts the timed recorder 
@ JCarrier signal 


4d. 


last intermediate frequency transformer. The direct lag voltage 
is fed from the outside power source ( =30v) onto dividers R56) Ro9 
through resistance Roge The negative control voltage is taken 
off the anode of the right-hand diode 7 and through resistance 
Rog and grid leak resistance Rus Raz and Rio is supplied to the 
controlling tube grids L, (HF amplifier), Ly ( I IF amplifier) and 
Lg (II IF amplifier }. 

To controi the magnitude of the main phase HF signal, the 
receiver has at the output a special device s, cut in on the bridge 
circuit into the anode circuit of the IF amplifier second stage. The 


receiver is mounted on a separate chassis and fitted into the 


measuring instruments block. 
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CHAPTER IX - INTERFERENCES IN AMPLITUDE AND PHASE MEASUREMENTS 
AND THE METHODS FOR REDUCING THEIR &FFsCT 


te General problems of improving protection against interference, 


Distortion of the amplitude and phase of signals, received by 
the magnetic field detectors in the apparatus for aerial electric 
prospecting, besides those emerging due to changes in the geometry 
of the system in the near zone method, could be caused by vibrations 
and acoustic interferences; interference of industrial nature and from 
telephone and celerragh lines; interference of near-by operating radio- 
stations, atmospherics, the noises of magnetic field detectors, setting, 
or reciprocal effect, of channels (in two-frequency operations), noises 
of the first amplification stage, etc. 

The listed interferences limit the lower threshold pickup of the 
measuring devices; therefore, there is the necessity for carrying out 
complex measures for protecting the apparatus from the effect of 
various types of interferences, and also the expediency of narrowing 
the transmission band within the region of operating frequencies in the 
amplifying track of the measurable signal. Therefore, limitations are 
imposed on the quick action and accuracy of the measuring and recording 
instruments as a whole and particularly in the dynamic method of 
operations. 

The distortions are built up, as we know, by a combined action 
of all the listed interferences. However, the relative significance 


of each of these interferences in the sum total is not equal, 
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The possibilities of increasing the tangible sensitivity 
in the receiving and measuring devices depend primarily on the 
efficiency of the applied shockproof systems of the field 
detector and the choice of electric circuits for suppresing 
interference. 

The execution of reliable mechanical shock-proofing of 
the field detector improves considerably the efficiency of the 
measuring instruments... Moreover, the application of special 
electric circvits for suppressing interference makes it possible 
to build up a highly sensitive apparatus for aerial electric 
prospecting, permitting the measuring of very low intensities 
of magnetic fields (in the order of 107?- 1079 a/m) » 

In the resolving the problems of electric protection for 
measuring instruments from interference, it is necessary 
primarily to dampen (or exclude) interferences at their input to 
a level that would prevent in the amplifying track, during the 
amplification of the signal-noise mixing entry of the: amplitude 
of this track's individual links into non-linear sections. If 
this condition is not observed, then with the high level of the 
Signal-noise mixing, distortions of the useful signal in the 
amplifying track occur or even its complete loss takes place in 
the background of noise. In an ideal case it would be better to 
have a "clear" signal after passing through the magnetic field 
detector. However, the technical execution of this filter diagram 


for the various methods of aerial electric prospecting is, 
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unfortunately, not always possible and is, practically, 
unrealistic. 

Digressing from the diverse specifics of these methods 
and taking into account the general aspects of the theory of 
communication (223, 225), it is possible to assume that the 
improvement of the electric interference-stability of the 
apparatus may be achieved by increasing the signal volume, 
characterised by its competence, width of spectrum and duration. 
The reserves for increasing the power of the signal in aerial 
electric prospecting are, as a rule, not high because of 
limitations of the power supply of the air-craft, the area of 
field emitters and the competence of the mobile ground power 
plants. The possibilities of expanding the signal's spectrum 
have so far been very little exploited, since the investigation 
is most often of the harmonic signals, the amplitude and phase of 
which vary with different rate at the moments of the appearance of 
anomalies. As a result, the stability of the measuring apparatus 
against interference may mainly be incr“ased only on account of 
increase in the signal's duration. However, even this possibility 
is limited by the requirement of continuous recording of the 
signal variation during the flight of the aircraft along the 
profile, 

The higher is the speed of the survey, the more precisely 
should be marked the variations of the signal receivable by the 
measuring and recording devices, which should be of the highest 


quick action and have the best quality of dynamics. With an 
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inadequately quick action of the apparatus in aerial electric 
prospecting, it is possible to miss local anomalies of short 
duration; the nature of the actual variations of the signal at 
the input of the amplifying track will be distorted and the 
result will be not only the difficulty of determining the 
location of the objects sought for but also of seeronetane the 
obtained data. Therefore, the measuring time in aerial electric 
prospecting is always limited and is determined by the dynamic 
errors of the apparatus. 

For increasing the stability of the measuring instruments 
against interference by increasing the duration of the harmonic 
Signal, the filter is combined with synchronous correlational 
reception or with detection. In the latter case, the output of 
the detector is provided with LF filters (152). 

The filtering method of the signal (frequency division) is 
usually applied directly at the input of the measuring unit and 
in the channel of the amplification track. This is explained, 
primarily, by the fact that at a low level of signals it is very 
difficult to build up multiplying circuits (commutation circuits), 
which are used in synchronous reception, whereas the resonance 
circuits, used in the filter method, are technically simple. 

But as regards the optimum electric systems of protection 
against interference, with the preset dynamic characteristics of 
the apparatus all the electric methods of protection are equivalent. 
The difference between them lies in technical execution, when it is 


required to assure the stability of the amplitude and phase 
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characteristics of the amplifying track and the magnetic field 
detector or when it is necessary to have a bearing voltage (for 
instance, in synchronous reception). 

In the amplification of low level signals, the filter method 
has undoubted advantages. However, in this case it would be 
impossible to obtain the simple circuits of high stability and the 
Q~factor.e Therefore, in the apparatus for aerial electric 
prospecting, the potentialities of these circuits are not used 
fully (unless, of course, it is necessary to make them more 
composite, which involves an increase in the cost of the apparatus). 

The introduction of the preliminary signal filter eliminates 
the effect of interference in the vicinity of frequency commutation 
harmonics in the circuits of synchronous reception, which has to be 
taken into account since the interference spectrum at the output of 
the magnetic field detector is sufficiently wide. On the other hand, 
the synchronous reception has advantages in the vicinity of the 
operating frequencies of the apparatus, where practically the whole 
selectivity of the amplifying track circuits is concentrated, The 
instability in the circuit of synchronous reception effects mainly 
the dynamic errors of the measuring and recording devices, 

The theoretical analysis and practical results (89, 93, 103, 
132, 152) show that effective stability of the apparatus against 
interference could be assured by the simultaneous application of 
mechanical vibration-proof systems of the magnetic filed detectors 
and of methods free from electric interference. In the case of 


reception of harmonic signals, it would be more rational to assure 
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protection against interference by combining the electric circuits 
of the filter method and of synchronous reception and detection. 

It is expedient to cut in at the input of the measuring unit, 
filters with transmission band, providing for a reliable 
suppression of interference at medium and long distances, and 
having characteristics, at which instability of the parameter is 

of no significance. All this will eliminate distortion of the 
amplitude and phase characteristics of the signal in the amplifying 


track, or, at least, will not increase the present magnitudeée 
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After the preliminary filtering, the measurable signal should 
be amplified to a level considerably higher than the zero drift of 
the circuits of synchronous reception or the initial non-linear 
sections of detecting circuits. In this case a more efficient 
application of synchronous reception or LF filters, connectable at 


the output of the detectors (including recorders which according 


their dynamic characteristics, are LF filters (65, 88, 89) ) is 


ara ee 


possible. Therefore, the majority of circuits in the measuring 
unit are assembled according to the structural diagram shown in 
Fige 93-6 

In this diagram the mechanical vibration-proof system is 
applied to the input assemblieS - the receiving element and the 
prelimin:ry amplifier, whereas the electrical methods of noise- 
proofing are all concentrated in the measuring units - the selective 
amplifier and the recorder of composite quantities 1 and 2. These 
units could be assembled for operating in the filter method as 


well as in the method of synchronous reception and detecting. 
2e Vibratory interference. 


Since the apparatus for aerial electric prospecting is set up 
on a mobile object, in specific conditions of application it is 
subject to the vibrations of high intensity of different 
frequencies and amplitudes and also to shock loads of different 
duration and intensity. The vibrations are most critical for the 
receiving and measuring units and specially, for those details 
which pick up the very low levels of the useful signal. 

To free these details of interference i185 a complex technical 
problem. The main unit of the apparatus most sensitive to vibrations 
is the magnetic field detector. Therefore, by the vibratory 
interference in aerial electric prospecting is meant interference 
emerging in the field detector due to its vibreition in the magnetic 
field of Earth (this type of interference is transmitted later on 
into the measuring track}. The capacity of the magnetic field 


detector to withstand the vibrations, i.e., to carry out fault-free 
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and normal functions, is determined by its stability against 
vibrations. 
It is well known thit the pattern of the origin and 
transmission of vibrations is most complex (79-81); therefore, 
the theoretical determination of even such characteristics as 
frequency and amplitude of vibrations is extremely difficult. 
These characteristics are usually determined by tests. During 
the flight of the plane or helicopter usually there are vibrations, 
caused by the combined action of various factors, such as, for 
instance, the irregularity of the piston engine torque, the imbalance 
of the screw, the aerodynamic forces of its rotation, etce 
Investigations show (79, 81) that vibrations are characterised 
by value distribution and the composite nature of the amplitude 
spectrum. During the flight of the plane, the operating conditions 
of the apparatus change. The presence of transitional processes 
causes variation of the amplitude of vibrations within a wide range 
of frequency variations. According to test data, the apparatus of 
planes with piston engines is subject to vibrations with frequencies 
10-500 cps and amplitude upto 1 mm(3). The limits of amplitude 
values A of the "chief" components of plane vibrations at f=10-50 cps, 
obtained by the processing of the statistical test data (113) are: 
in the central part of the plane A = 0.5-2. 10mm, in the nose and 
tail parts: A = 0.25-0.50 mm the maximum vibration values correspond 
to the minimum frequencies of vibratory interferences), 
On the helicopter the intensity of vibratory interference within 


the low frequency range of electric prospecting is even higher, but 
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its characteristics have not so far been fully investigated. 

Thus, the determination of the effect of vibration on the 
field detector and its stability against vibrations during the 
flight of the aircraft is an extremely complex problem, 
aggravated also by the fact that the frequency spectrum of 
vibrations encompasses the main frequencies used in aerial 
electric prospecting. Moreover, it is necessary to take into 
account that the metal parts of the aircraft and its equipment 
being sources of interferences, different in amplitude and 
spectrum, distort the pattern of the constant magnetic field of 
Karth at the point of reception. 

Undoubtedly, carrying of the field detector into the 
outboard gondola is a positive factor, since in this case the 
vibration effect of the aircraft itself is reduced and the effect 
of its metallic mass on the field structure at the point of the 
field detector is considerably damped. Nevertheless, even in this 
case vibrations of the field detector in the magnetic field of 
Farth cause the appearance of the interference signal on the 
operating frequency of the apparatuse 

Let us determine which vibrations of the field detector 
result in the highest magnitude of interference. In the high 
grade field detector, we introduce the multiturn coil in the 
plane of the loop S. The e.m.f. of induction in the receiving 


coil (18) will be 


Se es Ae ; CIxX5- 4) 
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where yw —- the number of loops; cp - the flux of vector B of 
inductance through the plane of turns in coil S (the geometrical 
dimensions of the coil are not estimated for the sake of 
simplicity). 

We know that the flux of the vector of inductance through 


area S (Fig. 94) will be 


ch = [5 dS = BS cos (B, n°), 


e 
where n° - cross drift of the positive perpendicular to the 


plane of the coil turn. 


The derivative of flux 


ee ain’ - cos (B, n°). (IX. 2) 
In Fig. 94 we have \p= 90°; X = KX, +dadh@; = a ; = 
ad 
90° -P ; B =R, + ap 1 g = 2b sy-y says wy- or. 


In accordance with these definitions, the angle between B and 
hn is determined as cos (B, n°) = cos (cos H+ cos cP cosp+ 
cos 8 Eee y or 


—o 


cos (B, n) = - cosPsinX On - a cy (1Xs. 3) 


d 
at 
Considering formula (IX. 3), and also equations (IX. 1) and 


(IX. 2), we get for e.m.f. of the coil 


e =WBS (cos ¢p’sing Oy + singp sin y Wy). (IX. 4) 


Let us analyze formula (IX. 4). If we take a = & 


ys i 


BIS = 


wBS and estimate that anglecPin northern latitudes is 


approximately 73°10! (119), we get 


e=k, w, (0,29 sing + 0,957 oan y de (IX. 5) 


This formula at @& = y=? 90° has the maximum value and, at 
a —» 0 andy —+ QO -~ , the minimum. If perpendicular n° lies in 
the horizontal plane (for instance, horizontal projection of the 
vector of strength of the cable's magnetic field in the apparatus 
of the BDK method of the "Canadian" version of the induction method), 
then, at y —> 90°, noises in the coil are directed by both the 
projections of the B vector of induction onto axes OX and 0Z. When 
W, = 3 the noise form prejection B onto line 0% is three times 
that of the noise on line OX. The effect of the horizontal 
component of vector B should be characterised by the variation of 
the noise level with the change in the direction of the aircraft's 


flight in the horizontal plane XOY. 
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“The range of variation of the noise level depends on the 
ratio between wend oy and on values dM , dy in actual 
application to the aircraft. Thus, with oy ay the maximum 
level of variation of the signal in the receiving coil, due to 
change in the direction of the flight, does not exceed 23%. 
Investigations, carried out during the flight of the aircraft in 
four directions of the compass along a magnetic course, have 
shown (89) that the noise level, induced in the receiving coil, 
actually changes close to the calculated level in the north and 
south, the noise magnitude was 10 mkw and in the east and west, 

13 mkwe 

In the application of ¢ertain methods, it is expedient to 
set up field detectors directly on the body of the aircraft. In 
this connection, it becomes important to determine the sections 
of the body of the aircraft with a minimum level of vibratory 
interference for the setting up of the field detector. Investigations 
of this type when applied to aerial electric prospecting have, 
unfortunately, been very few. Therefore, if the field detector has 
to be fixed on the body of the aircraft, instead of in the 
outboard gondola, the investigations are, usually, carried out in 
the actual conditions in the range of operating frequencies of the 
method applied. 

Tor example, we shall deseribe the investigation technique 
of vibratory noise on helicopter MI-4, when the problem was to 


determine the location on the field detector on the tail beam of 


ee ee 


the helicopter. Originally, it was decided that the most 
acceptable part of the helicopter with the least noise from 
vibration and electric equipment was the tail beam. Then by 
means of vyibre-transmitters the vibration was investigated at 
various points of the tail beam. Mainly two types of 
transducers were applied bi-component piezoelectric transducer 
and the induction vibro-transducer (80, 81). 

The measurements were mostly of the horizontal component of 
the vibration rate in cross-section planes parallel to the tail 
beam axis of the helicopter and perpendicular to this axis. The 
amplitude of vibration shifting was determined as the ratio of 


vibration velocity v to vibration frequency. 


On the basis of the test data the frequency distribution of 
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vibrations was determined on the tail beam of the helicopter 
(Fig. 95). This distribution is such that, on frequencies 

over 230 cps, the velocities of vibrations decrease almost 
uniformly at all the investigation points. At the lower 
frequencies, there is evidence of overshooting of the vibration 
velocity. In this way, the conclusion was drawn that on operating 
frequencies of the apparatus below 230 cps the protection of 

the receiving unit, set up on the tail beam, from vibrations 


should be more rigid than on frequencies 230 cps and higher. 


Fig. 95 


The investigations of vibratory noise, when the receiving 
device is set up in the outboard gondola, have shown that these 
noises are quite similar to the noises arising in the disposition 


of the receiving unit with a similar protecting system on the 


we PIO: = 


tail beam, although the noise level in the first case is slightly 
lower and, with the increment of frequency the amplitude of noise 
decreases faster. It is quite possible that with the placing of 
the receiving unit in the outboard gondola, the noise level is 
affected less by the vibrating mass of the helicopter, which 
distorts the magnetic field of Earth at the point of reception. 

In both these cases, the relationship between the noise level 
and the speed of the helicopter's flight is similar, with increasing 
speed the noise level gets higher. 

Fig. 96 and Table 9 give the data of measuring, by means of 
the harmonics analyzer, the level of noise, equivalent to the 
magnetic field density H in the receiving coil on the tail beam of 
the helicopter at the flying speeds 60 and 120 km/hr. It was noted 
that in this cace the noises increased at a high rate on lower 


frequencies (below 200 cps), on higher frequencies their increment 


was considerably less, 


Speed of 
flight, 


Level of noises, equivalent to density of the field, a/m. 10 
on different frequencies, cps 


| 200_ | 250_ | 300 | 400 | 500 | 700 | 1000 } 1500 


50 
2,0 41,4 | 0,84]70,6 | 0,35] 0,26} 0,23 | 0,23 | 0,23 
4,8 | 4,0 [2,2 10,8 | 0,6 | 0,38 | 0,32] 0,33 | 0,33 


Thus to obtain the required resistance to the vibration of the 


receiving unit (field detector, preliminary amplifier) on low 
frequencies, it is necessary to provide a more efficient system of 


protection against vibration than on higher frequencies. It is also 
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necessary to try and obtain the natural frequency of the 
protection system below the lowest operating frequency of the 
apparatus, and the system itself should be fixed on a field 


detector close to its gravity centre. 


Fig. 96 


The speed of the aircraft's flight always affects the 
magnitude of vibratory noises. Therefore, in striving to reduce 
these noises, the magnetic field detector is brought out from 
the aircraft cabin into the outboard gondola (for instance, in 
the apparatus of the BDK method). Sometimes, when using various 
modifications of the induction method, it is absolutely essential 
to place the magnetic field detector in the outboard gondola. In 
these cases it is necessary to know the behavior: of vibratory 
noises with the let-down of the gondola from the aircraft at 
different lengths of the wire-cable and with changes in the 
flight speed. 


Experiments show that, until a certain moment, the vibratory 
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noise initially drops sharply with the increasing length of the 
cable, then remains invariable or even increases, if the cable 
is extra long. Increased speed of the aircraft invariably 
increases the vibratory noise. 

Table 10 shows the meaSuring results of the total level of 
the vibration and outside noises, affecting the magnetic field 
detector in AERI-2 apparatus of the induction method at various 
flight speeds when the drift angle of the gondola O varied from 
60-70° and the length of the wire-cable was 100 and 150 m (the 
measurements were carried out in windy weather at an altitude 
900 m above the sea level. 

From Table 10 it follows that with the indicated variations 
of flight speed the level of noises due to vibration increases on 
an average five-six times. On frequency 243 cps, the noise level 
is considerable even at the optimum flight of IL-14 plane of 250- 
260 km/hr. Moreover, on frequencies 243 and 487 cps with cable 
length 100 m, the level of noise is lower than with the length of 
150 m. This is, apparently due to the fact that the natural frequency 
of the cable of the mechanical system given out by the gondola 
approaches, the natural frequency of vibrations in the mechanical 
system of the field detector with the increasing length of the cables 
Other causes, unrelated to vibrations, were excluded in these 

experiments. Subsequently, a more perfect system than the one applied 

in these tests, has been devised and tested for the protection of 
the magnetic field detector from vibrations, as a result of which 


the level of vibration noises on all the operating frequencies 
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Table 10 
Speed | Wire-cable | Operating frequency, cps 
flight ee ! 
km/hr Ez 487 f 97h 1949 3898 
‘ 4 
= | 1-2 
240 ber 47+ 6, 0,2 0,4 
5 6=7 
; e575 
6 = 6 a Sgo 
260 
: 8 —10 
Goma O57 
: 56 
3y3 555 
280 
8 = 10 
Gy dt Os7 
7? —10 
+7 27 
300 


150 “ 810 
| 5-3 6,7 


N.B: (at the bottom of the table). Numerator indicates noise level (mkw), 
denominator - the same level, converted into equivalent density of the 


magnetic field. 
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was reduced by about half, but the nature of the relations 
described above remained unchanged (76). 

It should be mehtioned that if the field detector in the 
presence of harmonically varying primary filed (H = Ha sinc t) 
vibrates near its position of balance with angular frequency 

» the excitation within it is of a noise signal with a 
composite spectrum. With decreasing frequency of the primary 
field, the e.m.f. magnitude of vibration noises induced in the 
detector by this field also decreases. The resultant field density 
at the point of the field detector is invariably much less than the 
intensity of the constant magnetic field of Earth. Therefore, in spite 
of the fact that the individual harmonics vibration noises of this 
type are included in the frequency range of the apparatus, the 
vibration noises have practically no perceptible effect on the 
measuring apparatus, if it is of high selectivity. This is explained 
by the fact that the spectral power of these vibration noises, which 
falls to the narrow band of transmission in the vicinity of the 
operating frequencies, is comparatively low. 
Be Outside interference. 

The outside interferences, which affect the receiving - 
measuring apparatus, are those not directly connected with the 
aircraft, but caused by atmospherics and the effect of broadcasting 
and special radio-station fields, 

Let us analyze more fully of interferences of this type. 

Atmospheric noise. The noises caused by atmospheric discharges 
or electrification of air masses or aqueous vapours of atmosphere, 


are always present and affect the field detector with some medium 
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level, depending on metereological conditions. Therefore, these are 


referred to the constantly active interferences. 


a 


mI 


mill be 


Relative amplitude of spectrum 
ee 


Fige 97 


Statistical data show that on an average about a 100 lightings 
per second are observed on the Earth. Lightning interferences have 
impulsive nature and the frequency spectrum, in which the major part 
of the energy is concentrated, is 0.05-30 kcps (109, 156, 173). The 
intensity of the electric portion of the interference field caused by 
lightning is considerable even at a distance from the storm source of 
upto several thousands of kilometeres, as the peak current within 
these surces is very high - in the order of tens of thousands of 
amperes; the lightning power is immeasumbly greater than the power 
of major radio-stations. With propagation, lightning interferences 
become partially dampened, and yet the total field of interferences 
from individual sources or lightning discharge could be quite 
considerable in magnitude at the recording point. 

The lightning noise level ~ a time variable quantity - varies 
considerably in relation to the geographical latitude (in southern 


latitudes the noise is considerably higher than in northern), the 
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frequency, at which the noise level is being determined (it may 
roughly be assumed that the intensity of atmospherics is 
inversely proportional to frequency) and time of the day and the 
yeare 

The qualitative evaluation of atmospherics could be implemented 
on the basis of the data in (173), which establishes that their 
amplitude spectrum in the low frequency range 0.05-10 kcps has two 
clenrly defined peaks: one within the range 0.05-0.1 kcps, the other 
within that of 6-8 kcps. The interference trough is on frequencies 


1-2 keps. oe 


to. Figure 98: 
cre Rey: toe 


ay ee 2, Tyee? 


245-15. 253 
b! Time, %;  ; 
c, H’, uV/m, 


.P 
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Fig. 98 


The typical specifics of atmospherics are marked in Fig. 97, 
which gives the test data of "medium" spectra, obtained in work 
(156) for distance r from the storm centre of 1000; 2000; 3000 and 
6000 km. The figure shows that with increasing distance from the 
source of noise the high-frequency peak is shifted into the 
region of higher frequencies (5-10 kcps) and the so-called tail 
peak shifts, on the contrary, into the region of lower frequencies 
(200 - 70 cps). Moreover, the peak ratio of the low-frequency 


portionof the spectrum becomes five times higher: from 0,3 at 
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r = 1000 km to 1.5 at r = 6000 km. 

Thus at comparatively small distances (1000-2000 km) from 
the storm centre, the predominant signals in the atmospherics 
spectrum are of higher frequencies (4-10 kcps). With increasing 
distance, these signals attenuate much more intensely than those 
of low frequency, therefore at r = 6000 km the predominance in 
the interference spectrum is of signals with frequencies 60-100 cps. 
The work (156) shows that during a diurnal period there is a 
comparatively high and stable noise level and the high-frequency 
parts of the spectrum during a period of 24 hrs., as well as 
at different: times of the year are subject to more perceptible 
variations. 

The variation curves of relative duration of atmospheric 
noises qe on frequencies 13; 2; 3 and 9 keps vs. intensity of 
their field (173) are shown in Fig. 98. From this figure it is 
clear that on frequency, for instance 2kcps; in 70% of the 
recording time the field's intensity remains not more than 25 mkv /m 
and only 107 7% - 500 mkw/m. The transmission band of the measuring 
unit, read at level 0.5 has 140 cps, recording time on each frequency - 
about 3 min. 

Fir. 99 shows the frequency characteristics (spectra) of the 
atmospherics field for time intervals of relative duration 70; 0.1 
and 407% (curves I, II, III). 

The recording time in the range 1-100.kcps was 1.5-2 hrs; the 
transmission band of the receiving frame ~- 140 cps (173). The 


curves in Fige 99 show that the rare major impulses are minimal on 
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frequencies 2-3 kc. The "constantly active" component of noise 
increases with reduced frequency. For comparison with the data 
(173) the dotted line shows curve IV of field density of 
interference according to the data of measurements conducted by 
the Physico-Mechanical Institute AH Ukraininan SSR, in the area 

of L'vov on June 19, 1958, in cloudless weather. The indicated 
noises correspond to the arithmetical average of maximum noises. 
AN Ukrainian SSR and AN USSR have carried out observations, which 
have shown that the highest atmospherics are evident in the 
frequency range 40-100 cps. The conclusion was drawn that only in 
the comparatively low frequency spectrum can the atmosphrics affect 
perceptibly the measuring apparatus with a threshold pickup of 
about 407? a/m (at these frequencies the noise levels are 
commensurable with useful signals); on other frequencies there was 


no evidence of appreciable noises. 


# 395710 § 3OfKey 


Fig. 99 


- 288 - 


Table 11 


Frequency 
cps 


Remarks: (At the bottom of the Table) Legend: U, - voltage induced 


by "even" noise; U - voltage build up by impulses, duration of 


It 


which is 0.1% of the observation time; U - voltage build up by 


III 


rare impulses of highest intensity; U - average value of highest 


IV 


noise impulses, measured on the Barth surface in June, 1958; Uy - 


average value of highest noise impulses, recorded during flying 


tests in January, 1958, with gondola let down to 100m; - ditto, 


3 Uyr 
but with drawn up gondola. 

Table 11 gives the values of the intensity of noises, induced in 
the field detector on operating frequencies of aerial electric 
prospecting by the electric portion of the noise field. These values 
are calculated from curves I-VI, shown in Fig. 99 (according to the 
data of FMI AH Ukrainian SSR). 

The measurements were carried out by means of "aerial" frame, in 
which at frequency f = 974 cps and the density amplitude of magnetic 


6 


field H| = 8.10". a/m. The induction was of e.m.f. with virtual value 
7.5 mkw. The intensity of noise caused by the lightning discharge in 


the receiving frame exceed this value at some operating frequenciese 
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The outside interferences, including atmospherics, 
measured mostly in suitable meteorological conditions by the 
AERIS apparatus in 1959 and by ASRI-2 in 1961-1962 (Table 12), 
have shown that according to frequencies these noises, on an 
average may be taken as stable. However, in magnitude, 
specially on low operating frequencies, interferences exceed 
the threshold pickup of the apparatus. Inclusion as the main 
component in these measurements was made of vibration noises, 
particularly perceptible on low operating frequencies of the 


apparatus (243; 487 and 974 cps). 
Table 12. 


Type of Place and time Frequency, cps 
t f i 
ceed Biren ay 2h a8 [974 1989 T3898 


L'vov area 


228 5059 


L'vov area, 


8-6-59 


AERIS 


L'vov area, 


Karelia, summer 
AERI-2 1962 


NB: 1. The numerator shows noise level (mkw), the denominator - the same 

level converted into equivalent field density (107? a/m). 2. Investigations, 
carried out with apparatus ArRI-2 in Karelia during summer, 7962, have shown 
that the noise level was on an average 6-15 mkw, and in conversion to 


intensity - (2.5-4.0)107" a/Mae 
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In cloudy weather, specially on frequencies 243 and 487 cps, 
the noise level rises. It may be assumed that the cause of it is 
the number and intensity of lightningless discharges in the clouds. 
It should be kept in view that these discharges could be dangerous 
source of interference in the presence of capacitive routes for 
their penetration into the receiving-measSuring unit. Therefore, the 
receiving frame and input circuits of preliminary amplification 
reguire careful screening. Interference is possible also from the 
electrization of the plane and gondola's body during the flight 
through atmosphere zones of different potential. However these 
noises are not stable nor constantly active. The route for their 
penetration into the receiving and measuring devices is also 
through capacitance couplings. These noises are dampened by careful 


screening of the input circuits. 
Interference from broadcasting stations. 


Signals of broadcasting and other radio-stations, including 
those set up on board the aircraft, which carries the apparatus 
of aerial electric prospecting, affact mostly the first stage tube 
of the preliminary amplifier. Within the tube, due to the 
invevitable non-linearity of its characteristics, their rectification 
occurse But the direct effect of radio-station signals on the 
following stages is not particularly dangerous, since the level of 
operating frequencies of the useful signals is sufficiently high. 
At the same time, there is concentration of frequency selectivity 


in these circuits, which is an LF filter in relation to the noise 


a BOT = 


Signale It is obvious that the reduction in the apparatus of 
noises of this type should be effected in two ways: by a build- 
up of obstacles to their penetration into the input of the 
amplifier and the choice of linear operating conditions of the 
first tube in as great a dynamic range as possible. 

Obviously with negligible distances from the broadcasting 
radio-station (tens of kilometres) and its sufficiently high 
power (hundreds of kilowatts) the field density is considerable. 
Due to this, it is difficult to assure an admissible level of 
outside noise at the input devices of the apparatus. In this case 
the aerial geophysical survey should be carried out during the 
non-working hours of the broadcasting radio-station. 

It must be pointed out that the noises built up by any 
radio-stations of the aircraft, on which the apparatus of aerial 
electric prospecting is set up, considerably exceed the admissible 
level; therefore, simultaneous operation of the radio-stations and 
the measuring apparatus is impossible. To suppress the noises, 
build-up by radio-transmitters only is possible; the radio-channel 
has several fixed frequencies (87, 102), which makes it possible to 
select the frequency less subject to interference, 

Let us determine the admissible value of radio-noise intensity 
on the grid of the first amplifying tube of the gondola amplifier 
due to the effect of amplitude modulated signals of radio-stations, 
at which the audio component of the anode current of the tube will 
correspond to the lower limit of the measurable field or the 


threshold pickup of the apparatus. 
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To determine the low-frequency (audio) component let us 
show the anode current of tube a VSe voltage on its first 


grid E. and Usa by Taylor series: 
i =f (E+U-) =f (E_) + f£'(E_) Us + ale f'(E ) ul + eewy LiKe 6) 
a eg m g g Mm 2 g um 


where ft (E,) = S - steepness at the operating point; f" (z,) = St . 
derived steepness at the same point. 

With the arrival at the grid of the amplitude-modulated 
Signal, determinable by the term Usa - vu. (14+m cos t)cos t, 
audio component will appear in the anode Secnt of tube the 
amplitude of which component In could be found from the third 
term of the series: 


os (ep yy 2 a 
Se (EU, 75 s'U (1 + meosS2 t)" cos wt, (1X67) 


° 


where m - the modulation factor of radio-noise; v - the amplitude 
° 
of the carrier frequency of the radio-signal; - the modulation 


frequencye 
Since 


cos’ t — + — cos 2 Wt, 


by opening the brackets and ignoring. the low values, we find 


the amplitude of the anode current: 


1 2 
Tag. = sty (Ix. 8) 
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The intensity of noise on the tube grid, equivalent to 


audio intensity, is determinable from the equation 


ae . 
om 2 m s Mie (IX. 9) 


Hence the intensity of radio-noise, equivalent to the 
Signal voltage of audio frequencies on the first tube grid, will 


be 


2U a.motedS 
(IX. 10) 


ms? 

This equation permits drawing a conclusion that the rectification 
effect of the tube depends on the ratio = » Which may also serve as a 
criterion for the selection of the tube for the first amplifying stage 
of the preliminary or gondola amplifier. 

Example. We assume that the threshold pickup of the apparatus 
on frequency 974 cps is 4077 a/m and that the admissible voltage 

ee from the radio-noise should be five times less than the 
threshold value of the usable signal voltage E. at the output of 
the magnetic field detector. Moreover, we have the following 
parameters of the field detector: 8, = 10 er ye L206 


According to data (132), taking into account the equation 


(VII. 3) for the signal, Eo 2e7 mkwe 
E 


aenoise 5 


Considering that voltage U should not exceed 
0.5 mkw, we determine from formula (IX. 10) the admissible voltage 
of radio-noise Un equivalent to the voltage of the audio-frequency 


signal of the first tube grid. For calculations from formula (IX. 10) 
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it is necessary to know m values (we take m = 0.9), S and St. 
The derivative S' is easy to determine by tests from character- 
istics i, = f(U,) at E = const, where U_ - the voltage on the 
tube anode. For operating the circuit by the tube 61/1 it is 
determined that S = 0.8 ma/v, and St = 0.33 ayers After 
substitutions in formula (IX. 10), we get 15> 1.6 mv. 

If the frequency of radio-interference from the orbadcasting 
station Das considerably exceeds the resonance frequency f of 


the magnetic field detector, the setting pattern at the input of 


the measuring apparatus changes to some extent. Indeed with “w (LK 7 


4 


0, ; when Woos. > 05) the principal energy of outside 
interference is sensed by the inductance of the field detector, 
1 
i a) —_—_————_— ‘es a :. 
since W) | LK > io, 0, and (3, . LK > 4. Therefore, it 
may be assumed that 
a 
U =f SABE C oS 2 = E os (IX. 11) 
fn T 3 chk n fac 


where Ea - the voltage at the input of magnetic field detector, and 


Let us determine the electrical constituent of the E field, 


d.S 


affecting the magnetic field detector in these conditions and 


inducing on the first tube grid signal E,. It is a known fact (165), 


d 
that 


+295 = 


(IX. 12) 


- where hg - the virtual height of the magnetic field detector, 
equivalent to the receiving antenna, which is not tuned into 
resonance in respect of the radio-broadcasting station field. 


In this condition, for hg we will have 


2ufTf c Qt 
h! = B.C n : (IX. 13) 


3. 10 


where the quality factor of the circuit on the frequency of the 


; LK 
wo 
radio-station Q! = ae ° 


Having substituted equation (IX. 13) into equation (IX. 11), 


we obtain 


8 
NS es ae gh te Ok 


2 n 
fo ) h! w® on rs 
tB.c ‘e) 


if Us = 1.6 mv on frequency f = 974 cps and Qk = 20, then with 


the frequency of the carrying radio-sation fy oe 1000 keps it 


(IX. 14) 


will be 
-3 3710° 
Eos. 7 46810 Sor «=—0.865 V/me 
afte 6-28°974.780.20 


Assuming that the field density of radio-~interference, 
considerably removed from powerful broadcasting stations, is 


0,1-0.05 v/m, then according to the given estimate the 
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receiving frame is a sufficiently good filter of low frequencies 
and assures the normal operation of the receiving and measuring 
devices in these He ati ones The short-wave interferences are 
suppressed by the receiving frame to an even greater extent. 

More dangerous are interference impulses, for instance the 
interferences from radio~locating stations. Their magnitude could 
be so great that the normal operations of the apparatus could be 
disrupted. However, an interference of this type is invariably of 
short duration and, in some areas of aeroelectric prospecting, 
such interferences could generally be absent. Moreover, there are 
circuit which permit the interference impulses compensating 
almost fully. 

In industrial areas and in electrified villages, interferences 
from high-power transmissions, telephone lines, etc. can create 
certain difficulties for the survey. It is particularly difficult 
to build-up protection against the comparatively high level of 
interference from telephone~telegraph lines and the lines of radio- 
broadcasting due to their wide band of frequencies, which 
encompasses practically the whole operating frequencies, range of 
the electroprospecting apparatus. In the actual conditions of 
survey, when the investigation areas are invariably selected far 
away from industrial objects and the indicated interferences are 
hardly expected, no special protection against these interferences 
has so far been provided in the prospecting apparatus. 


4. Apparatus noisee 


The apparatus noise in aerial electric prospecting is that 
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originating from the disturbing factors directly in the apparatus 
set, and possibly due to intrablock parasitic coupling. The 
latter could, in certain conditions, cause the appearance of s0 
called parasitic inducting*on the receiving-measuring circuit, 
iee., result in the emergence of specific interference. 

Apparatus noises usually originate due to the following causes 
the presence of powerful generating units in the direct vicinity 
of the measuring and receiving instruments of the near zone methods 
and working, as a rule, on the same frequencies; the operation of 
various transformers (voltage, current or frequency) in the 
apparatus set, meant for energizing individual assemblies, blocks 
or units or for the control of their operation; 

the recording of measurable quantities by recorders with 
motors and mechanisms for marking the limits of recording, guiding 
lines, etc. : 

the action of parasitic couplings inside the apparatus (for 
instance, coupling through general resistances, capacitances or 
inductivity): 

by the jumps of direct-current voltage with cut-in of various 
auxiliary devices: 

the inducting caused by the presence of intra-apparatus 
electromagnetic field, etc. 

Due to parasitic coupling between radio-electronic units and 
assemblies, pertaining to the supply system, specially with the 


use of the alternating current network (for instance, with frequency 


*Parasitic inducting means transmission of voltage from one element 
(assembly) into another, not provided for by the diagram or design of 
the apparatus or arrangement. 
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400 cps), there is the possibility of appearance of a background 
with frequency equal to, or a multiple of, the supply frequency. 

In considering parasitic induction, the matter is usually 
concerned with the source of the inducible voltage, the receiver 
of inducible voltage and parasitic coupling between them. To 
define them directly is the most difficult problem in the elimination 
of parasitic inductions. 

Various forms of parasitic couplings and inductions in radio- 
technical apparatus and possible measures for controlling them were 
analyzed in considerable details in a number of works (23, 45). Let 
us analyze briefly the main ones of these, namely, those which are 
in some measure charactcristic of the apparatus of aerial electric 
prospectinge 

Parasitic coupling through common resistance is effected most 
frequently through resistance consisting of the inner resistance of 
power supply sources, the control circuits of radio-unit operation 
and the resistance of connection wires. 

In the parasitic coupling's circuit of this type (Fig. 100), 
the currents of all frequencies are transmitted through the circuit 
of the source of power supply, composing the signal spectrum of the 
inducting source. These currents cause voltage drop on all resistances 
cut into the power supply circuit. A part of the resistances composes 
the common resistance of coupling an. cut into the circuit of the 
induction receiver, and the voltage Une taken off this resistance, is 


the main induced voltage. Generally, the resistance value of 


a 
parasitic coupling depends on the frequency of the inducible voltage. 
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For low frequencies, this resistance is made up mainly of the 
direct current resistance of connecting wires and the capacity 
reactance of the output capacitor of the power supply filter. 
Therefore, at low operating frequencies and with low frequency 
source of induction due to insignificant Ze omm, the induction 
voltage U, is also insignificant. On some high frequencies, where 
the inductance effect of connecting wires and distributed 
capacitance of cabling is quite appreciable, with an infelicitors 
combining of the value of these inductances and capacitances, 

the 2 comm may be considerable, which will result in increasing the 
US also. 

Parasitic capacity coupling is caused by the presence of the 
common metal chassis, with which the connection of some points in 
the circuit of the measuring device is made, This coupling is 
dangerous on high frequencies, since with this connection, excuted 
directly or through the blocking capacitor, the appearance of high- 
frequency voltage between each point of the aircuit and the body of 


the device is possible. 
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The cireuit diagram of the parasitic capacity coupling is 


38 ee =a 


shown in Fig. 101. The voltage divider consists of two resistances - 
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capacity reactance ete and ballast resistance Zn¢ If at some 
point A, the voltage in relation to the body is Ej. then at 


point B, coupled with point A by parasitic capacitance C ’ 


par 
induced voltage Uss appears, the intensity of which is determinable 


by the ratio of capacity reactance 


and total ballast resistance 2, between point B and the body. The 


intensity of U, can be determined from formula 
u,- 28, —-e (IX. 15) 


Hence it follows that the voltage induced at point B will be all 
the higher at the least capacitance Xonar and the highest resistance 
Zye 
In some cases, resistance 2 could be the resonance resistance 
of LC-circuit, tuned to frequency W, of the induction source. If in 


this case Xonar > 2) then from (IX. 15) we get 


us jac je 


4 b o nap nap 
UL = 8 = = 8, mF Ci“ ~~ 9 (1X. 16) 
h h Xap h Ww, Cd, h Cd, 


where C - the capasity of resonance circuit, and qd. ~ its equivalent 


attenuation. 


Parasitic flux linkage. In conductors subject to the effect of 


the variable magnetic field, there is excitation of variable e.m.f., 


the intensity of which rises with increasing frequency. The equivalent 
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circuit of flux linkase is shown in Fige 102. 

In the presence of outside wire AB, both the elements of the 
circuit are flux-linked. The intensity of coupling is determinable 
as mutual inductance My of AB wire in relation to the induction 


source or mutual inductance M. of the same wire in respect of the 


2 


induction receiver, as well as by the total resistance Zap? which 
has an outside wire in relation to the body. 
| ‘Key to Figure 102: 


a, Pickup source; \ 
b, Pickup receiver: 


Fig. 102 


Parasitic coupling through electromagnetic field leads to the 


appearance of methodical interferences, which are being analyzed 
below; this is characteristic of the induction methods in aerial 
electric prospecting, especially in the methods of the near zone. 
Jump of direct-current voltage is the cause in many cases of 
high-frequency induction along the circuits of parasitic coupling 
in the elements of the apparatus containing resonance circuits 
(builds up impulse excitation or ringing). Each jump of voltage 
or current in the circuit corresponds to one high-frequency 
attenuating impulse (Fig. 103). Parasitic impulse excitation is 
possible with the cut-in of individual devices during the 
operating period of the measuring apparatus, for instance of 


recorders. In this case, there is an appearance of induction, the 


= 902! = rs 


intensity of which increases with the application of amplifying 
systems with high amplificetion factor, when the jump of the 
voltage is quite sufficient to bring up low power at the input to 
intensities, which may build up an appreciable interfering effect 


at the output of the measuring device. 


- | 
i | de voltage jump 
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1 


\damping oscillatory process 
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The above indicatcd parasitic inductions are eliminated 
mainly by rational selection of block constructions, their careful 
electrostatic and magnetic ecreening, reasoned and well - executed 
arrangement according to the recommendations of a number of works 
(23, 49, 194). 

Apparatus interferences also include the fluctuation noises of 
the field detector, the input circuits of measuring devices and the 
microphonic noise in these circuits. These interferences result in 
the increment of the basic error of measurements by measuring instruments, 
which is quantitatively estimated in Chapter XIII. 

De Interferences from the aircraft, 


An aircraft, inasmuch as it includes a set of electro - and 
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radio-equipment, rotating elements building up sound oscillations, 
is a source of interference for the highly-sensitive measuring 
apparatus of aerial electric prospecting set up on it. These 
interferences are specially high in helicopters, heavy and 
medium planese In the event of the field detector being located in 
the direct vicinity of an aircraft or at some of its parts (for 
instance, rigid and combined arrangement of the source and receiver 
of the field in the apparatus of the induction method) these 
interferences increase sharply. 

Let us analyze the main types of interferences from the 
aircraft, 

Acoustical interference. Noises of the working engine and 
rotating propeller blades of the plane or helicopter cause in 
the field detectors accoustical interference. The effect of sound 
wave may cause changes in the corresponding reciprocal position of 
the loop and the rod in the coil of field detectors, in the 
geometrical dimensions of core made of soft magnetic material, etce 
As a result of this induction appears on the operating frequency. 

The investigate accoustical interference, the following 
experiment was conducted during development and the tests of 
apparatus for the BDK method. The microphone and the ferrite 
receiving coil were placed on rubber, stretching inside a special 
sound-absorbing box (upholstered inside with felting and having a 
removable cover). The whole system was also shock-proofed and placed 
on the tail beam of the helicopter MI-4. During the flight, the 


interference was measured, first with closed cover and then with an 
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open one,in the receiving coil and in the sound pressure in the 
microphone. In the second case, the intensity of interference in 

the receiving coil was reduced to some extent, whereas the sound 
pressure decreased ten times. This indicates that although the level 
of acoustical interference is. neglizible as compared to vibration 


interference, it has nevertheless to be taken into account. 


The tests carries out afterward on the ground have shown that 
the acoustical interference is approximately equal to the atmospheric. 
Thus, on frequency 1000 cps, some increment of acoustical interference 


8 to 624.107 /a/m) was 


in respect of the atmospherics level (from 8.10. 
evident with the operating engine of the helicopter. The same results 


were obtained on frequencies 80-4000 cps. 


Therefore, the field detectors, located in the vicinity of 
acoustic noise source, should be, gound-proof. Consequently it would 
be expedient to use a frame filled with sound-proof material, such as 


felting, foamrubber, cotton-wool, etc. 


Interference from electric and radio equipment. The main sources 


of these interferences are the ignition system of meters and electric 


generators of the power supply network of planes or helicopters. 


The measuring of levels of these interferences and determination 
of their frequency range, for instance, in IL-14 plane, have shown 
that with insignificant removal from the aircraft the interference 
level considerably decreases and, beginning from ap»vroximately 20-25 m, 
is practically unchangable, remaining equal to the general level of 


interferences, sensed by field detectors with non-active electric 
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equipmente 

Similar investigations were carried out on MI-4 helicoptere 
it was established that bringing out the field detectors into the 
outboard gondola at a distance of over 20 m for the plane and 10m 
for the helicopter reduces interferences to the level of atmospherics. 
Therefore, with the removal of field detectors to the specified 
distance, interferences from electric equipment need not be taken 
into account. As regards the frequency spectrum, the tests have 
shown that it completely encompasses the operating frequency range of 
the apparatus in aerial electric prospecting (70-10,000 cps). The 
interference peaks are evident in the range of 100-500 cps and on 
frequencies in the order of the first tens of megacyclese 

With the disposition of the receiving elements in the direct 
vicinity of the motors the level of interferences of this type 
considerably increases and may exceed tolerance limit. Instead of 
the usual "smooth" interferences, in this case there is the 
emergence of impulse interferences of various level and recurrence 
frequency. Therefore, in this case, there should be careful 
screening of field detectors and protection against the sparks of 
ignition circuits and power sources of board-network and board- 
apparatus. 

The radio-cquipment of the aircraft and instruments of 
navigation are also interference sources for the apparatus of aerial 
electric prospecting. Specially interference from the aircraft 


radio-station. Therefore, as pointed out, simultaneous operation 


¢ Z es ‘ 
~ helicopter, and also for obtaining the alignments of the helicopter 
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of the radio-station and the prospecting apparatus is impossible. 

Radio-compass and radio-altimeter are practically non- 
interfering or their effect is negligible with proper screening 
of the input circuit of the amplifying channel. More likely, the 
prospecting apparatus interferes with their precise operation. 
Therefore, these instruments require correction in their indications 
in flights with the apparatus. 

It would be relevant to mention here that there is 
unfortunstely, no complete information wailable regarding 
interferences during the flight of any one aircraft, which interfere 
with the operation of the set up electroprospecting apparatus. This 
should be kept in view when working out the method for aerial 
electric prospecting. 

Here is a method for investigating interferences on board the 
aircra‘t. On the MI-4 helicopter, the investigation, first of all, 
is of the effect of electric and radio equipment on the magnetic field 
detectors, set up at various points in the cabin and outside it, 
This is necessary to define the possibility of setting up multiturn 


coils with or without cores directly within the cabin of the 


in flight with the set up of all measuring and recording apparatus 
inside the cabin (the apparatus would then be in the center of 
gravity of the helicopter). Moreover, it is also necessary to 
determine the possibility of reducing the effect, on receiving 
elements, of interferences from the electric and radio equipment 


of the helicopter and of the measuring apparatus itself, set up on 
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boerd, by scattering in space the source and receiver of 
interferences. 

The effect of interference by the electric and radio equipment 
of the helicopter on the receiving elements was determined according 
to the diagram shown in Fig. 104. During the tests, the ring-shaped 
coils 1 were in the shaft cut in the floor according to the center 
gravity of the helicopter. To the left of the receiving coils block 
was the measuring apparatus 2, to the right - power supply sources 3. 
Next to the coils were the batteries of the helicopter 4. The 
receiving unit with ferrite receiving antennas 5 was placed on the 
tail of the helicopter. 

The ring-shaped receiving coils were meant not only for 
measruing and the study of intsrferences within the cabin of the 
helicopter, but also for investigating the behavior: of the spatial 
horizontal and vertical components of the cable's field during the 
flight of the helicopter at various altitudes, etc. At other 
points, interferences were measured by a portable ferrite receiving 
coil and by a unit, the diagram of which is shown in Fig. 105. As 
analyzer of harmonics, the analyzer of infra low frequencies, 
devised by Lfvov polytechnical institute, was used. Frequency range 
20-8000 cps, Q-factor of selective amplifier in operations within 
narrow band - 25, 

To separate the interferences of electromagnetic origin, 
inducible in receiving elements, built-up by the electric equipment 
of the helicopter and the measuring apparatus itself, from those 


caused by vibrations, the mechanical, coupling was preliminarily 
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dislocated between these devices and the helicopters body (the 
use was of a special system for protection against vibration). 

The first experiments with the apparatus, set up in the 
helicopter, have shown that the integral level of interferences in 
the range 40-8000 cps, which takes place in the cabin during the 


=D 


flight of the helicopter and equivalent field density 2.4°10 a/m, 
is reduced by five-ten times on the ground; other interferences 
inside the cabin were considerably less than those indicated. 
Interferences during the flight increased with the cut-in for 


charging from the board generators of direct-current batteries by 


means of board automatics. 


a, Power block (de sources); b, neceiver 
coil; c, Wideband amplifier; | d, Harmonic 


‘amalyzer. es 
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Undoubtedly, the obtained level of interference is too high. 
This is easy to ascertain by comparing it with the level of the 
useful signal in the zone farthest from the cable in the range of 
the operating frequencies for this method for any resistivity with 
nominal current in the cable. For instance, for frequency f = 200 cps 
“with reSistance = 10° ohm, my, I = 1a at distance x = 10 km we get 


JR) e008" 407° 
x 


a/m. Thus, the integral int7rference may exceed the 


2 


useful signal by a factor of 10° or 10°. 
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The characteristics of the level of interferences, measured by 
means of harmonics analyzer on fixed operating frequencies vse the 
operation of one or the other unit of the helicopter and the 


apparatus inside its cabin, are shown in Table 13. 


Table 13 


Interferences equi- Interference equi- 


Operating sequence Operating | valent to tension of valent to tension of 
of apparatus in requency,| horizontal component vert. component of 
measuring interfer- cps of the field, field, ,,-6 
10 a/m 
ences -6 
10 

Cut-in of apparatus 
Cut-in of transformer 0,1 0,1 
MA-500 (115v, 400 cps) 3,6 3,2 
Cut-in of transformer 
PO-45(18yv, 110-125 cps) 0,3 0,3 
Cut in of transformer 
PO-45 and according 
circuit 6,4 3,5 
Cut-in of helicopter 
motor (screw not 
rotating). 3,8 2,5 
Disconnection of batteries 
and measuring apparatus 
(helicopter in the air). 120 - 260 120 ~ 240 

39 - 90 80 - 120 

8 = 25 8 - 16 


N.B: The result of measuring interferences from the electric equipment 
of the helicopter and of the measuring apparatus are given mainly for 


frequency 976 cps. 
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According to Table 13, the lowest level of interferences is 
evident on the ground, when the practically possible are only 
atmospherics, apparatus noise, etc. With the out in individual blocks, 
interferences increase and specially sharvly during the flight. 
Interferences from individual consumers of encergy from the network 
of the helicopter are, on the whole, not very high, except for these 
from the recording circuit. Hence it follows that interferences, 
equivalent to the intensity of the field's vertical component, 
correspond approximately to these equivalent to the intensity of the 


horizontal component. 


Experiments were also carried out with the aim of elucidating 
the distribution of interferences within the cabin of the helicopter, 
their directional characteristics, where they are minimum, etc. It has 
been established that interferences inside the helicopter cabin 
actually change very little even with changes in the orientation of 
the field detector in space. Investigations to define the points of 
low level of interferences from the electric equipment inside the 
cabin made it possible to determine that they are low at the initial 
point of the tail beam and decrease towards its end. The same 
interferences sharply decrease with carrying out of the field 


detector into the outboard gondola at a distance of 5 m and ever: 


Distance from holicopter, M e«e.eee0 3 5 10 15 20 


Interference level, mvsoseescceeveel2e5 520-566 3.0 2.2 2.2 2,2 


Thus, on the basis of these experiements, it was defined that 


the lowest level of interferences of electrical origin is at the tail 
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beam and in the outboard gondola and, moreover, that their level 
inside the helicopter cabin exceeds all other interferences, except 


radio interference. 


Simultaneously, determinations were made of the effect of 
operating radio-stations and radio-altimeter, as well as of navigational 
and other instruments on board the holicopter on the receiving unit, 
placed on the tail beam anc in the outboard gondola. The receiving 
unit consisted of the receiving coil and the preliminary wide-band 


amplifier with negligible amplification factor (K = 10). 


The action of the radio-altimeter did not change appreciably 
the level of interference in the field detector, placed in the 
helicopter cabin, or in the outboard gondola. Only when the field 
detector was placed on the tail beam close to the radio-altimeter 


antenna itself, was its effect perceptible. 


For the frequency of radio-channel (main phase) interferences 
from the electric equipment of the helicopter (chiefly from the ignition 
system) on frequencies 20-40 mega-cycles with rod aerial A /4% have 
magnitude 70-20 mv (sensitivity threshold of receiver 5 mv). One of the 
ways to reduce this interference is to shorten the coaxial cable, 
connecting the input of the receiver with the antenna and pushing it 
out from the helicopter cabin through a hole in the floor, made 
approximately in the center of helicopter's gravity. In this case, 
with the length of the connecting coaxie2 cable 2.5 m it was possible 


to reduce interference to 2-3 mv. 
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Other interferences. Other "“inconstant" interferences are 
also evident in the helicopter and affect, to a certain cxtent, the 
measuriny; channel of the useful signal as well as the channel of the main 


phase. 


The interference most difficult to remove is the one in the 
radio-channel from the rotation of the big screw. With the turning 
of the helicopter, and sometimes with flishts ever broken ground, 
amplitude variation of carrier frequency of the type of "beat" was 
evident. The beat amplitude varied in a wide range, and its frequency - 
from zero to tens of cps. The origin of this event is of a highly 
composite nature and is, apparently, connected with signal reflection 
from the rotating big screw, the equivalent "area" of which with 
rotation of four blades is about 350 nee The variation of the 
reflection phase and other manifestations build up conditions, at which 
the "beats" of the main signal begin. As a result, distortions appear, 
which lead to the spread of indications in recording (86). This effect 
could be attenuated by applying in automatic gain control and limiters 


in the measuring apparatus. 
6. Nethodical interferences. 


Methodical error in aerial electric prospecting means the 
varying signal, induced by the primary field source in the magnetic 
field detector due to ans eanias coonet ey of the system of the oscillating 
frame - field detector. To methodical interferences may also be referred 
the interfering signals, caused by the incorrect set-up of the field 
detector in relation to the oscillating frame or the variation of its 


orientation during the survey. However, for convenience in reciprocal 
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comparison of the different versions of the aerial induction method, 


these interferences are analysed separately from the methodical ones 


(117, 128, 132)% 


Methodical interferences are inherent to the apparatus of all 
versions of the aerial induction method. In the apparatus of other 
methods, their role is insignificant (63, 132, 148, 208, 263). They 
emerge mainly due to "bumping" of the gondola during flight, when the 
field detectors are in the outboard gondola, and the oscillating frame - 
on the aircraft itself. These interferences also arise in the event of 
using two aircrafts, since it is practically impossible to assure 
reciprocal stability of their flight. Even insignificant changes in 
the position of the magnetic field detector in relation to the 
oscillating frame result in the appearance of a Signal of such a type 
which is the predominant total interference and finally determines the 
efficiency and practical value of one or the other version of the aerial 


induction method. 


Quantitative and qualitative analysis of methodical interferences 
makes it possible to choose a well-founded version of the induction 
method for resolving concrete goopuyuical pro vions.e Therefore, the study 


of the nature of these interferences should be in preats detoil, 


We shall analyze methodical interferences with the use of the 
calculated ratios obtained in Chapt. III and with consideration of works 


(35, 63, 69, 128, 132, 208). 


Let us take first the versions of the induction method with one 


aircraft, when the field detector could be placed at points Pas Pos Ps 


and P, (see Fig: 29), angle comprises respectively 0; 45; 65 and 90° 
We analyze the variations of vertical and horizontal components of the 
primary field in the general case, i.e., within the variations of 
angle O from O to 90°. The initial formulas for calculating these 


components are the following: 


nm 


Zz I 7 
HH, = ——— (I + 3 COS 26) = —~ A (I + 3 COS 28); CIx317) 
. Birr 2 
3m 3 
H = —{. sin 20 = A sin 20, (1xX.18) 


where A = constant (parameter) of the method's version, 


m 
z 


A = . 
h JC r? 


From formula (IX.17) it follows that if O = 54°45", the vertical 


Z is _ : 7 fe] 

component won't be present, If @ = 0, HT 7 A cmax’ and if @ = 90, 
41 

HY ~ 2 A emax’ 


The horizontal component, as follows from formula (IX.18), is 


not present, if @ = O and @ = 90°, and has the maximum value at © = ae 


Variation of geometry of the system (i.e. variation of angle @) 
results in the appearance of methodical interfermnce, the intensity of 
which is determined by the location point of the field detector, the 
value of the measurable component of the field at this point and the 


variation range of angle & (magnitude of A 9). 
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Let us determine the value of increments A He for the 
vertical and AN Hy for the horizontal components of the primary field 


with variation of angle O to the extent of & e. 


Expanding functions H = F, (8) and Hy = FP, (@) into Taylor's 
series and taking into account only the terms of the first order of 


smallness, we get 


AL, = ra A © = - 3A sin 260A 6; (1419) 
AH = _OHy A @ = 3A cos 2e@ AO. (IX.20) 
r oe 


From ratios (1X.17) = (IX.20) it is possible to determine the 
absolute dimensionless values of the vertical and horizontal components 


(i.-e., the intensity of interference) 


for any location point of the field detector within the range 0-90°. 


For the vertical component 


Hp I 
Bepoes (I + 3 COS 26). (IX.21) 


Similarly, for the horizont..1 component we get 


a ee — sin 20, (IX.22) 
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From the given ratios it follows that the absolute magnitude 
of interference xX for the vertical component will be maximum at 
6 = O and @ = 90°, and interference x for the horizontal 
component - at B = 45°, 

It should be mentioned that not every position of the magnetic 
field. detector (at points P, - Pids and all the greater variations of 
angle 3) within a wide range can meet the requirements of the safety 
technique for piloting the aircraft; therefore in calculations we 
take the variations of angle O within + 5°, permissible from the 
standpoint of safe piloting. 

Let us analyze variations of the vertical component at points 
P, - Py and of the horizontal component at points Pos Ps of the 
practical location of the magnetic field detectors. For this we 
determine the maximum relative variations of the primary field 
components, termed in percentage of their values at the above pointsof 
observations (A = AL - 100, %), for several increments of 
AN@ within + 5°. 

To raise the accuracy of AH determination for low increments 
(NO < 2°) we will use formulas (IX. 19) and (IX. 20) with the 


estimate of terms of the second order of smallness, and for high 


increments (A@ > 2.5°) we use formula 


A -{AH/ 100 jo + Aap. ra) 100, % (IX. 23) 


Thus, in the first case 


A Hy = - 3A sin 26 Ae - 3a cos 200A 8°, (IX.23a) 


AH = 3A cos 20 A 6 + 3A sin 20(A@)°. 


‘For point P at which O = 0°, we have 


4° 


Ak, =-3A (A @)*, (IX.24) 


{1 


For point Pos at which O 45°, we will have 


Ad, = - AN @; AH, = 3A( A 6)*. (IX.24a) 


at which © 


HF] 


For point P 65°, we obtain 


3? 


NH, = - 2,34 AN 6+ 1,934 A &)°; A a 


1,93A NO + 2,3A( A ©). (IX.24b) 


For point F,, in which @ = g0°, it will be 


A HA = 3AC A e)*. (IX.24¢) 


f) 
Observation point 
and Components valu@ ‘ 

l 


at these points. 0°12 $ 0°30" | 
P, (8 =0); 

Oo +} 0.01 
H, = 2A 
Px( = 45°); 

2.14 | 5.28 
a “oO” | 5.62 
H = 1.54 
P, (265°); 

Hy = 70,464, 0.85 | 3,48 
O45 | 7,40 

H. = 1,158 aig 

r 

P, (@ = 90°); 

H, =~ IA o | 0.03 


B.B:- The numerator shows the relative variation of the vertical 
q 
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Variation of angle © cz 


0.09 


15-7 
O.14 


0.21 


21.0 
0.24 


> 
MN 

e 
SIN 


14. 


TABLE = 


A 


) 


oO 
° 

Si) 
ul 


0.85 


denominator - of the horizontal, components of the primary 


field. 


With known constant A, it is possible to calculate the value 


of the component at a given observation point and its relative and 


2.28 


absolute changes with variations of angle O in te linits shown above. 


This makes it possible to determine the magnitude of the signal, 


induced in the field detector (assuming, that the constant of the field 
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detector C, is known) by the constituent of the primary field and 


a 


its variation, for comparing this signal (interference) with the useful 


Signal from the sought for anomaly. 


The data of Table 14 permit drawing the conclusion that the 
least methodical interference is typical of the induction method 
versions, in which the field detector is placed at points P, or Py 
during the measuring of the vertical component and at point Poy when 
measuring the horizontal component. ft should be mentioned that for 
these versions of the induction method additional electric compensation 
of the direct signal is required in measuring part of the apparatus, 


since here H, #& O and H.. x Of 


Analysis shows that for the induction method version with © = 65° 


(apparatus AERI-2) methodical interferences are quite high; therefore, 
this version is optimum as regards stability against interference 


(21, 128, 132). 


It is definitely of interest to know the nature of variation 
of the angle of inclination of the intensity vector H of the primary 
Magnetic field to axis 0Z@ for points P, and Py with the variation of 


angle O within the indicated limits. 


3 sin 20 


H 
p = arctg = = arctg 
B 1 + 3COS 26 


This is necessary for estimating the methodical interference 
of two-plane version with linear polarisation of the field, The 


corresponding calculations are givengn Table 15» 
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TABLE-15. 


Observation 
points 
q 6 f 5 q § if § i 5 
P,(@ = 0) §0° 38 §1° 30 § 2° 15 § 2° sot Bs? 461 yh? Zor f5° 58" § 7° 34! 
ae ee re i id bis 
P,(@ = 90°) §$1° 18" §3° 00" F4° 30" B59 589 7° 2819 8° 58'9 11° 56° 914° 52! 
‘ i Fj I ’ i 1 I 1 


NeB: At point P, at (@ + A6) the value should be taken 
with plus sign, at (@~ A G) - with minus sign, and 


at point P, at (@ 2 A) - with plus sign. 


The apparatus of the induction method with oscillating and 
receiving frames rigidly interconnected and placed at distance one 
from the other requires an intense and stable geometrical or electrical 
compensation of the direct signal. Geometrical compensation is obtained 
oy a corresponding disposition and cut in of the receiving frarics 
(see Fig. 31, 106). Yere, depending on the set-up of receiving frames, 
it is yossirle to measure both the vertical and horizontal comnonents 
of the field. However, as shown by the data of Table 14, preference shoulé 


be given to a diagram, meant for measuring the vertical component. 


ae 


The relative increment of the field in this diagram with 
uniform and simultaneous displacement of the field detectors in 
relation to the preset position (most unpleasant case) should be 


doubled. 


Let us consider the induction method with the receiving 
frame at center O', as shown in Fig: 32 (4, = O, Y=). In the 
determination of methodical interference for this version, it is 
necessary to vary not the drift angle of the gondola, as in other 
versions, but the shifting of the magnetic field detector relatively 
to the center of the receiving frame, termed, for instance, in 
percentage to the radius of the oscillating frame. This variation of 

of the 


the geometry/system’ is brought into formulas (III.32) for determination 


of the increment of components Hy and Hoe 


Let us take three practical cases of varying the geometry of 


the system. 


1. The shifting of the field detector occurs only along 
the line O'Z', to an extent of A 24: determinable in 
fractions of radius R ( Az, = 0.0005; 0.001; 0.005; 


0.01; 0.015 and 0.02 R). 


2. The shifting of the field detector occurs only on line 
ory’, iee., along the radius R of circular circuit, to 
an extent A y, determinable in fractions of radius R 


(Ay = 0.0005; 0.001; 0.005; 0.01; 0.015 and 0,02 R). 


3. There is spontaneous shifting of the field detector in 


plane WiCta andy = A zoe 


= 322s 


Here are the initial formulas for calculating the 


compenents H. and H_ : 
y Z 


Assuming that 0.75 I wo = A = const and 0.5 TW = A, = const, 


these formulas may be written as: 


‘ gee 2 
He ea 1 §. Fort 2 | ; 
7% Po 


(IX.25) 
2 2 
os R 3 y 2 2 2 
toe ky > Dep. Sk 42” Me 
Po Po 


Determining, generally, the increment of components with 
variation of the initial geometry of the system, with the use of 


expansion of Taylor series. In this, it should be kept in view that 


The increment of component Hy with the change only of coordinate 


z, (y = 0) will be 


= 323 a 


(2) a, iy (cle a (IxX.26) 
A Hy*e = re Ato +3 (Az,)° = 0; ‘ 
fe) a fa) oO we = 9o 


; H 2H 
AK”? = (2) AYyt 3 (3) (Ay)? =0. (IX.27) 
ay OY / yoo 


The increment of component Hy with the change of only the 


coordinate z, (y = 0) will be 


a(z.) _ [Os 1 fom, 
Ad, r a2 A2, rp Qe (A 2,)2 (IX.28) 
. z70 = Z =o 


a (Ay)*. (IX.28a) 
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The increment of component i 


with the variation of both the 
coordinates y and Zo will be 
i 38 
fone ee Ae Ce Ke. ; 
: ay 0 y=o 
2,=90 
a) 
9 2H 
: d 


(IX.29) 
Zz 
fe) ee 
2570 
and for component om in the same conditions 
, ou, re) 
A g12,) SS DY eee IS Za, + 
OY ’e) Zo y=o0 
Z =o 
2 
mel H 
«3/2 SA v)° 42 ZAxrAgz + bent (A 2)? (IX.30) 
Oy 26 3) 
B a 
Z =0 
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For the first case of changes in the geometry of a systen, 


when y = O and ps = R° + ae , we fined from formulas (IX.25); (IX.26) 


and (1X.28) that 


: : Cen 4,58 
Ca ae (2) .1 (9% a cies Pe 2 
AN Hy"o" = 03 A ao Ss 5 (Az) = — (Az,) (IX.31) 


Oz, Zz =0 ° 
° 


(for 42) the term of the first order of smallness, i.ee., the first 
Z 


derivative at point Zo) converts into zero, therefore, the sought for 
increment determines the term of the second order of smallness, which 
at a O has a finite value). Therefore, the given variation of the 


geometry system of the affects tne field detector, which perceives only 


component Hoe 


For the second case of variation of the geometry of the system 


when 2, 2 -0 and p = R- y, we find from formulas (IX.25),(IX.27) and 


(IxX.28a) that 


H 
hey = 0; Aa? (22) AY = —- Ay (IX.32) 
oY y=o 
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(here at 2. = O the term of the second order of smallness is equal to 
zero; therefore, for determination ota? we shall use the term of 


the first order of smallness, which at 2, = 0 has finite value). 


Thus, in the first, as well as in the second, case the 
variation of the geometry of the system affects only the field 
detector, which perceives the vertical compenent q. of the primary 


field. In both the analyzed cases 


A, 0.5] 
1 m = 
H, (0) = 0; H,(0) = g = a (IX.33) 


For the third (general) case of variation in the geometry of 
the system, when po =(R - y)* + ae » and 2) =Az, =y-Ay, we get 


from formulas (1X.25),(1X.29) and (1X.30) 


; 2H 
AXI-%,) 7 on AyAz, = 5A yYAZ) (1X. 34) 
YO2, 
y=o 
a 
, es oH an 
A 9-2) = = ) AY OS = ie © (1X.35) 
¥ 
y=o 
Z2_=0 
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as the remaining terms in expansion of (IX.29) and (IX.30) convert 
into zero at y = Zoe O. In this case, the variation of the geometry 
of the. system will affect both the receiving frames. 

On the basis of the given ratios, similar to the preceding, 
we calculate the relative variation of the field's intensity (A , %) 
at the adopted displacement of the field detector, iee. determine the 


methodical interference. For 0.015 R and 0.02R the intensity of A 


we calculate from formula (1X.23) (Table 16). 


The resolution of the equation (IX.25) in relation to its 
maximum in the near zone by the approximation method, required in the 
third case for calculating the relative variation of Ht component of 


A 
fi t i = - = ” — 
the Field's density H, gives y = 24 = R and Hy ase 0.204 a 


TABLE-16. 


Direction of Displacement 


Components 


displacement 0.02R 
‘ A, 
Along the line qe Pas a 
o'Zat . 
Hy = 0 0 0,00025 0,00375 0,015 0,035 0.06 
A, 
W@Riong the line He = 
oryt ; 0.15 0,30 125 320 4,7 6,3 
A ar, 
In plane } H aes. 
romgr(’ J max A 
POT EE  NE 1 ON = 0,00013 0,005 0,013 0,052 0,12 0,22 


di mes ~~ 0.145 0.30 1.5 301 447 6,3 
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The data of Table 16 make it possible to assume tnat the 
highest methedical interference is built up during the measuring 
of component H, from displacement of the receiving element along 
the axis O'Y', and also from its displacement in the plane Y'O'Z. 
During the measuring of ys the methodical interference is considerably 
less in both the cases. However, it should be kept in view that the 
nearness of the field source to the detector in these versions of the 
induction method may sive rise, in the field detector, to a signal 
considerable in absolute intensity, although the relative variation 
of its intensity may be negligibdle. Therefore, at first, calculations 
of the density of the field affecting the pertinent field detector 
(specially in respect of the component Ho), Should be made, then the 
intensity of the direct signal, induced by the primary field in the 
field detector (taking interference into account), should be compared 


with the assumed intensity of the useful secondary signal. 


Let us carry out a comparative estimation of methodical 
interferences in the two-plane version of the induction method. For 
this estimation with the use of the circular rotating magnetic field, 
it is necessary to calculate the difference in amplitude of components 
for the allowed deviations of angles @ and <P with changes in the 


geometry of the system. 


As follows from Fig: 16 and 33, the components of the vector of 
intensity of the resultant fiela 4° will be ca and WH, the values of 
which are determinable from formulas (III.34). The receiving frames, 


placed at point P, are meant for receiving the indicated components. 
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For the determination of methodical interference, seceee by 
Changes in the geometry of the system, we deduce ratios, which totally 
reflect variations of c.m.f., induced in the receivers, through the 
corresponding vari:tions of the field's components He and He , affecting 
these receivers. 

Since in the receiving multi-turn frame e = war » in this 
case it may ove assumed that e.m.f., excited in the field detectors by 


r r : : 
components Hy and H, , are determinable from relations 


7 aH? a au? 
fe es seat Pe er ees ad — 
EY. 7 ay at ’ -_ = ky dt ? 


whore «x - the proportionality factor, which takes into account the 


parameters of the receiving fames. 


The resultant outout voltage of the reciveing-measuring channel, 


recorded in the composite form, will be 


; ; a eee 
Usprx = AU = US jy (IX. 36) 
Here 
“Pp: poe. Ds oe p 
U, =JOK EH, + Ul =y@K Hn , (IX.37) 


where K, and K, - the proportionality factors taking into account the 
parameters, both of the receiving frames and of the wholereceiving- 


measuring channel. Usually Ky = KS = K. 
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r * Js 
Substituting in equation (1X.36) the values Uy and se fron 


the equation (1X.37), we get 


At-=jox(® = j®) (IX, 38) 


The implication here is that 


ne =a, cCosWt - b, sind t; (IX.39) 


r HP toed Sk che ee ees 
yu ia a cos (Wt + F) = db, sin (Ot + 5) = -a sinewt -b, Cos 


Zz — Zp 


w t 


where He - component Hy » Shifted in the phase by = 


The difference of components a - ju, will be 


N= a, COS Gt - by sinf&™t +O) sin Wt +b, COS Wt = 


= (O,. + b,) COS Ot + (2, - b,) sin@®t. 


Thus 


A = (a - bJsing@t + (0, + b )cosmt =A sin (Oot + Wr): (IX.40) 
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where factors as bi a, and db, are determinable from formulas(III.37) 


and (III.37a). 


According to formula (1X.38), the output voltase of the 
receiving-measuring channel is determined by the difference ay - fay 
therefore, the analysis may ve confined to this difference vs. changes 


in the geometry of the system. 


The difference amplitude of components 


An = Via, - he) + (a, + Ba) (IX,41) 


and the initial phase 


a, + a 
Was arctg rn (IX.41ta) 


Substituting in formulas (I1X.41) and (1X.41a) factors ays bs 
a, and b_ from equations (III.37) and (III.37a), we obtain 


JQ, 


Maines (cos* 0 ~ sin@cos<p ); (1xX.42) 


2 sin @ COS 6 COScp 


= aretg ———— (TX.42a) 
Va cos* @ - sin® © Cos@ 
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The circular polarization of the field corresponds to the 
normal reciprocal position of the oscillating and receiving frames 
at @=@p = 90° and A mn 7 Oe But if angles € and P differ fron 90°, 
the An # O, and there is elliptical polarization of the field, 
resulting in the appearance of methodical interference. Let us 


analyze three cases of this appearance of interference. 


1. With the variation only of angle 6, i.e., @' = 90° 7 A, 
cP = 90° = const - there is displacement of the field 


detectors in plane YO4Z. 


2. The variation is only of angle PD , ices DP = 90° *Aq, 
B= 90° = const - the displacement of the field detectors 


occurs in plane ZOY. 


é 
3. Simultaneous variation of both the angles, i.e., O' (CP) = 90° 


= A @ (A) - there is displacement of the ficld 


detectors in space. 


The data of calculations of methodical interference are shown 
in Table 1% where it is given in percentage of the intensity of one 
of the components with normal position of the frames (A=f42]. 100%). 
m 


For this component, it is assumed in all cases that .\ = — = const. 


S990 S 


Table 17 


Condition 


cp =90°=const 


8 =90°sconst 


gy AY a 


From Table 17 it follows that both the cases of change in the 


geometry of the system produce similar methodical interference, which 

is in accordance with the symmetry of the field of two reciprocally 
perpendicular franes. ‘With simultaneous variations of anzles O and 

to the same extent, which often happens in practice, it is possible to 
assume that the maximum total interference is twice that of interference 


with the variations of only one angle. 


But if we compare the one - and two-plane versions of the 
induction aeromethod with the rotating magnetic field, then, as follows 
from formulas (III.38) and (III.40), in the first case, the methodical 
interference is greater and depends mainly on the location point of the 
field detector, i.e., on angle O. This may be explained by the fact 
that the primary field at a point, for which angle O is neither O nor 
90°, should be elliptically polarized, whereas with negligible variations 
of angle O the elliptical polarization of the field sharply increases, 


although at the initial point of location of the receiving frames the 


primary field is made into a circular rotating field by means of special 


measures (see chapnt.II). 


In conclusion, let us determine methodical interference for the 
induction method with linear polarization of the field. This field, 
as well known (236, 237), is excited by the horizontal oscillating 
frame (by vertical magnetic dipole) and inducés in the two receiving 
frames e.m.f. Similar in intensity, with no phase shift between them. 
Taking into account formulas (III.15a), it may be assumed that in 
measuring the ratio of the output voltage of the receiving device we 


will get 


=1, rp = 0 (IX.43) 


With the appearance of the secondary field, the primary field 
acquires an elliptical polarization, therefore, the ratio balance is 
disturbed and the phase shift between signals changes, wiich is what 
the apparatus records. This invariant system relates to the primary 
field, when the possiole shifting of the receiving frames occurs along 
axis 0, Y, or with the turning of frames around axis 0, A549 as shown by 
arrows in Fig: 18. But if the shifting of the receiving frames occurs 
in the direction of axis 0, 4, (the center of the frames shifts from 
point 0, to point 04) or they are turning at some angle around axis 0, 4? 
methodical interference appears from the changing geometry of the system. 
In tne first case, it is caused by the changing inclination of the 


intensity vector of the primary field, an@ in the second, by changing 


+ 23> = 


the orientation of the receiving frames in relation to axis 0, 2,3 
moreover, the projection of vector H on the perpendicular of the first 
and second frames varies. The highest methedical interference arises 


with the shifting of the frames towards axis 0, 2, (for point P,). 


As follows from formula (III.17) and Table 15, for point Py 
inclination of vector H of the density of the primary field in respect 
of the vertical line (axis 0, Z,) varies considerably (by an angle p ). 
Therefore, the angles between vector Al and its projections on the 
perpendicular of the first and second receivins frames will differ, 
respectively, by 45° 4 8 and - 45° 4 B (angle g could be either 
positive or negative). The modulus of vector EH, determinable from 
formula (III.14), also varies with the variations of angle 0. Therefore, 
in this case, changes in the geometry of the system cause variation 


also of e.m.f., induced in the receiving frames by the primary field. 


Thus 


H,=H Cos 45°; H, = 4 C03 (~- 45°), H, = Ht Cos (45° + 8); 


H, = HY COS (~ 45° +8) = Ht cos (45° = B ) 


In measuring the ratio of e.m.f., excited in the receiving frames, 


in the case of changing geometry of the system, it is possible to write 


that 
0) H! (3) re] 
ees cos (45° + 6) 
pee PASO Eo. Os CoE) , (TX. 44) 
2 H, # cos (45°- 6) cos (45° - 6) 


2 
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where H' is determined from formula (ITI.14). 


The signal ratio in respect of the normal, i.e., initial, 


position of the frames varies equal to the variation of the primary field 


gy Ge es 
H H a! 
A = a 2 100 = I - mes 100, % (IxX.45) 
4 H 
ae 2 
2 


since H, = H. 


In measuring the difference of signals for the equivalent 
methodical interference of field density AV H, we get from the analogy 


with the VMP version 


A = Al q00 = LE = 100 = 
| H, 
. H[ecs (45? +8) = cos (45° -B Waoo x (IX.46) 
A, 


Formulas (IX.45) and (1X.46), and also (III.14) and Table 14, 
enable determining fer the given version of the induction aeromethod 
the methodical interference with the variation of ansle €. With this 
we take into account both the possible positions of the oscillating 


frame: horizontal and vertical. In accordance with the latter, selection 


Oscillati 
frame 


Horizontal | 4,4 10,0 14,6 19,0 
5D 7 11.5 Eee, 


220 = 


from Table 15 of angle is made for point P, or point Pi. Calculation 

is carried out for the most probable and worst case, from the stand 
point of the magnitude of methodical interference, of chanre in the 
geometry of the system - when the shifting of the receiving frames 
occurs in the direction of axis 0, 4, (ge, with the variations of angle 


O within ss 5°). 


M Table 18 
ne Variations of angle O0( + A &) = 
t=) 
0°30! 4° | 4°08 2°] 2°01 3° 4° 5° 


Vertical 2,2 541 7,6 9,9 
1,6 357 59D 793 
N.B: The numerator shows value A (%) in measuring the 


signal ratio, the denominator - in measuring the 


difference of signals. 


From Table 18 it follows that the magnitude of methodical 
interference with the vertical oscillating frame is practically half of 
that with the horizontal one. This is also confirmed by curves F, (@) 
for the vertical (see Fig.26) and F,(@) for the horizontal(see Fig: 27) 
components of the primary field. The big and small petals of 
directional characteristics of F, (@) are different two times in their 
relative size. Since the variation of curve Pr.) in both the positions 


of the oscillating frame iS Similar, it follows that the variation rate of 
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of the magnitude and inclination of the primary field vector Hl is haFf 


that of the second in the first position of the oscillating frame. 


By Similar methods, it is possible to calculate all versions 
of the induction aeromethod and to determine methodical interferences 


for other methods of aerial electric prospecting. 


Ve Vibration-free fitting of field detectors: 


Vibrational interference is one of the main interferences 
affecting the receiving-measuring apparatus in the methods of aerial 
electric prospecting. The real threshold of sensitivity in the apparatus ° 
of any method of aerial electric prospecting depends on the extent to 
which the level of vibrational noises in the field detector could be 
reduced. At present the problem of protecting high-sensitivity magnetic 
field detectors is only slightly developed theoretically and, practically, 


hardly at all. 


A number of organisations, dealing with the devising of the 
geophysical apparatus for aerial electric prospecting, both in the USSR 
and abroad, have carried out an enormous amount of work to devise an 
effective protection against vibration of the magnetic field detectors 
in the constant magnetic field of Harth. Vibre-proof fittings was worked 
out of the field detector, set up directly on the aircraft or in the oute 
board gondoha. All these efforts attained some success. However, the 
application in this direction was not very advisable. Thus, it was not 
possible to bring up the sensitivity threshold of the apparatus at low 


8 2 


frequencies to 10 - 10” a/m. In order to get an understanding of the 


work carried out, let us consider some of results obtained. 


aa ek 


Protection against vibration of ma-netic field detectors set up directly 


on the aircraft. The most unfavoerable conditions for operating airborne 
electric prospecting apparatus are on the helicopter. Vibration noises 
on the helicopter are considerably higher than similar ones on the 
piston-engine plane. Therefore, let us analyze vibro-protection of the 


field detectors after the example of helicopter MI-4 type. 


The vibro-protection systems of the field detectors, set up on 


helicopter NI-4, should meet the following requirements (89). 


1. Maximum suppression in the ranse of operating 
frequencies of the harmonic components of 


vibro-oscillations. 


2. It should not allow angular low-frequency 
vibration of the field detector, exceeding aD, 
max 


(see para 2, chapt.IX). 


3 Linear shifting of the receiving element should be 
negligible and the ever all size of the vibro-protection 


system constructionally convenient. 


4. The weight of the vibro-protection system should not 
be excessive; for maintainins central balance, it should 
be not be over 15 kg, when the system is located in the 


middle of the helicopter's tail bean. 


5. The natural frequency of the field detector's mechanical 
system should be considerably lower than the working 


frequency of the apparatus. 
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The finst requirement should determine the required factor 
of vibro-protection (the amplitude ratio of shifting the vibration 
of the coilts suspension point to the amplitude of shifting of the coil 
itself). MWovever, it is known (102, 1234, that the vibro-protection 
factor on helicooter IMI-4 has not as yet been established due to the 
non-aveilodility of the reauired calculation data regarding the valume 
distribution of vibrations. This, by the way, predeterminns at present 


the experimental way for building tue cecuired vitro-protection systems. 


The requirement that the angular vibrations of the coil snould 
not exceed WY ax is connected with the amplitude modulation of the 


receivable signal, taking place in the coil due to these vibrations. for 
with 
instance, in the 3DE method, /the error allowed in measuring the amplitude 


aSprensa = Of 4, ~s ’ = _ o } 74 
of signal ae = 2% we get cos Y max = 0.98, or vp max 7 19 + The obtained 
angle of the coil's vibrations is valid only within the limits of the 
frequency transmission band of the recording apparatus. Outside the 


transmission band, the recording system will not respond to this signal 


modulation due to inertia. 


Due to constructional reasons it was assumed tnzxt the linear 
shiftinegs of the field detector in any direction should not exceed 6-7 cm. 


In different constructions the shifting may have other values. 


The fourth requirement ensues from tne safety technique of the 
helicopter - the weight of an object suspended on the tail bean is 
linited to 15 ks. Similar requirements are imposed, apparently, on the 
field detectors, suspended at the ends of wings in 2ight or average 


type of planes with piston engines, used in aero-geophysical methods. 
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And, finally, the fifth requirement is due to the condition 
that if the mechanical system of the field detector has very low (a few 
cps) natural frequency of mechanical resonance, such a system, vibrating 
under the effect of disturbing factors, will produce interferences with 
frequencies below the lowest operating frequency of the apoaratus and the 
interference amplitude will quickly attenuate with decreasing frequency. 
This requirement is usually satisfied by heavier magnetic field 


detectors. 


One of the first versions of the vibro-protection system of the 
field detector placed on the tail beam of the helicopter is shown in 
Fig: 107. The receiving coil 1 with rings of syongy rubber 2 is placed 
inside a housing 3, which is fixed, by means of spongy rubber cushions 


4, to auxiliary ebonite rings 5. The whole system jointly with the cover 


6 is set up on the tail beam of the helicopter. 
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Pre. 107. Puce. 108. 


Fig: 107. Fig: 108. 


Since the system is meant for operations on a frequency of about 
1000 cps, the natural frequencies of seismic masses were taken compara- 


tively high: coil 1 - "spring" 2 - system 30 cps; corpus 3-"spring" 4 
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System - /}O eps. Damping of tne system was attained mainly due to 
resistance of the air, passing throu;;sh the pores in sponsy rubber. This 
system assured the protection required in this case from vibration incter- 
ference. For instance, on the freauency 976 cps the vibration interference 


was about 10" Safa 


Another version of vibro-protection is shown in Fig: 108. The 
receiving coil 1 is stretened inside the body 3 by means of sot% tape 
rubber 2. The body of the coil is fixed by similar rubbers 4 to the 


case 5, which is rigidly fixed on the iail beam of the nelicopter. 


The natural fresuency of the coil's vibrations in relation to 
case 43 were taken 5-7 cps, anc of the case 3 in relation to body - about 
2-3 cps. The damping of the system was obtained by air resistance and 
internal friction in the stretched rub»vers. The angle of the coil's 
vibrations bp maxes = (2=3°). In this way the natural frequency of 
vibrations in this system was considerably lower than in tne preceding 
one. The interference, induced of frequency 076 cps, now was 6.107" a/m, 
whicn could Se accented as satisfactory. On frequencies below 900 cos 
a construction of this type did not provide reliable protection from 


vibrations. 


The most successful version of the vibro-protection system is 
shown in Fic: 109. Coil 1 by means of spongy rubber rings 2 is placed 
inside a cylinder 3, which, stretched on ruvvers 4, is fixed on the 
streamlined case 5, is fitted by means of similarly stretched rubber 6 
to the Duralumin frame 7. The whole construction is rigidly joined with 
the sheathing of the helicopter's tail beam 8. From Fis: 109 it follows 


that this is a tnhree-stare system of vibro-protection. ‘The natural 
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vibration frequency of coil 1 - cylinder 3 is 30 cps, cylinder 3 ~ case 5 


-5 - 6 cps, case 5 - helicopter body - 3-4 cps. Vibration an, le 


a max - (35°). 


Puce. 109. 


Fic: 109. 


Fig: 110 shows the curve of the level of vibration interference 
(in unit of magnetic field density) vs. The frequency of the given 
vibro-protection system. The dotted line shows the variation of this 


level without the vibro=-protection system (see Fig:96). 
According to tunis figure, for frequencies above 200 cps, the 
application of the vibro-protection system has a comparatively good 


effect, whereas on lower frequencies this effect is negligible. 
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Fig: 110. 
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On the basis of the given data, it is possible to conclude 
that by reducing the frequency of natural vibrations of the intermediate 
masses of the vibro-protection system it is possible to reduce considerabl 
the level of interference in the magnetic field detector, Special devices 
should be provided for protecting the system from impact loads, built up 
during the landing of the aircraft, specially of helicopters. In the 
case of a plane, it is necessary to provide a special streamlined unit, 
in which the vibro-protection svstem of the field detector should be 
placed. The unit itself should be rigidly fixed for carrying construction 


-s of the plane. 


Vibro-protection of field detector in outboard gondola: The 


location of field detectors inthe outboard gondola makes it possible to 

raise the efficiency of investigations by the methods of vibration noises 
ox aerial electro-prospecting specially with change-over to low frequency, 
when it is difficult to devise a system of tibro-protection for the above 
given location of the field detectors. In this version the protection of 


the receiving element from vibrations is considerably simpler. 


For the helicopter and plane versions, for instance, not bad 
results were obtained with the use as the first, main, stage of shock- 
proofing an eight-tape rubber stretches, on which the receiving coil was 
suspended inside the gondola. A suspension of this type is shown in 
Fig: 111 (1-receiving coil; 2-tape rubber; 3 lock of tape rubber). The 
natural frequency of the coil's vibrations in relation to the gondola 


itself was about 5 cps. 
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Measuring of noises in the coil, when the gondola is let out 
of the helicopter 7-10 ana even more, has shown that their level is 


quite close to the level of noises with a three-stage vibro-protection 


system, ploced at the tail beam of the helicopter (see Fig: 109). 
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Later on, the level of noises was reduced by means of additional 
rubber cord-shock-absorber, fitted between the fixing point of the cable 
to the gondola and the cable itself at a distance of some tens of 
centimetres (Fig:. 112, t-wire-cable, 2 shock-absorber). The ricidness 
of tre shockeabsorbver was sclected with an estimate of the gondola's 
weight, so that tne natural frequency of the system gondola-shock-absorber 
would be 2-2,5 cps. Checking the vibro-protection of this version has 
shown that the level of noises in the coil were reduced mainly in the 
range of lower frequencies. The results of these investigations at the 


speed of the helicopter v5 = 60 km/hr are as follows: 
Frequency, cps. . + + + «+ + 100 200 250 300 400 500 700 1000 


Noise, equivalent to the mag- 8.6 2.8 0.8 0.6 0.56 0.45 0.4 0.33 
netic field density, 7976a/m 


a Sue 


From thc given data and Fig: 111 it follows that the general 
level of noises in the gondola is lower, than on the tail beam of the 
helicopter, moreover, it is lower in a rather wide ranze of frequencies. 


Similar investigations were conducted on planes LI-2, IL-12 and jiNee. 


A similar aystem of suspending the fielc detector, devised for 
the outboard gondola of a plane, was the second stace of shock-proofing. 
The first stage was executed with the use of porous material (paralon) 
directly within the cylinder of thc magnetic antenra (see para 6, chapte 
VII). The rigidity of rubbers was selected with an estimate of natural 
frequency of the system to comprise 1.5-3 cps. The suspension points 
of tape rubbers of one of the coils appear as though they are at the 
apex of a cube; therefore, the rigidity of the system in the direction 


of three coordinate axes is similar. 


mm niall. 
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bxperimental investigations of this system of vibro-protection 
have shown that on high operating frequencies the level of vibration 
noises was very low (107 ’a/m) and approximately equivalent to the 
sensitivity threshold of ASRI-2 apparatus. On low operation frequency 
(23 eps) the vibration noises exceed to some extent the indicated 


sensitivity threshold. Experiments with outside shock-absorber have 
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shoyn that it will not assure any appreciable damping of noises, therefore 
it was not applicd in the planes. 


Thus, constructions of vibro-protection systems could be 
diverse. For instance, the vibro-protection of receiving coils in the 
ViiP apparatus developed by VITR(234) has a different system from the 
systems described above. The receiving coils are placed into incividual 
covers 0° spongy rubber 5:nm in thicnaess and are fixed perpendicularly to 
eac’ other on a suspended plate, which is fitted on the rubber 
shock-absorbers inside a special frame. The Latter is screwed on to the 


housing of vreamplifiers, due to which the frames and amplifiers 
& Rh q 


constitute a single block, easily set up in gondola (234). 


In the BDK apparatus of IA® SO {N USSR (118) the vibro-protection 
of the receiving coil is similar to the vibro-protection of the BDK and 
laduction apparatus, devised by FMI AN Ukr. SSR. In this case, the coils 
are suspended on tape rubber stretches, so that the lines, provisionally 
drawn along these stretches, would intersect in the gravity center of 


the coil. 


2. She 


am 


CHAPTER X 


CONSTRUCTION PRINCIPLES OF THE MEASURING APPARATUS. 


1. Classification of measuring circuits. 


An important factor, largely determining the efficiency of 
geophysical investigations by various methods of aerial electric 
prospecting, is the operating sensitivity threshold of the measuring 
apparatus. With the artificial excitation of the field (see para 4, 
Chapt. IV) the minimum strength of the magnetic field in the range of 
operating frequencies of aerial electric prospecting is (1-5) x 107? a/Me 
Therefore, the measuring apparatus should have a sensitivity threshold 
at which this strength could be measured in this range. Moreover, the 
measuring apparatus should assure the required accuracy in measuring. 
For practical purposes the acceptable error in measuring the amplitude 
and components should be within the limits 1-3%, and the error in the 
measuring phase within the limits Og551"3 In some cases, for instance 
with the use of the rotating magnetic field, it would be expedient to 


have higher accuracy in measuring the indicated parameters(234). 


The diversity of the measuring apparatus in aerial electric 
prospecting calls for the necessity of its classification. This would, 
in some measure, eliminate the difficulties in the analysis of the 
measuring circuits and would assist in a more rational selection of the 


optimum measuring circuits in the development of new apparatus. 
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K.B. Karandeyev, associate of AN USSR, and G.A. Shtamberger, a 
candidate of Technical Science, and others have suggested classification 
of the measuring circuits, applicable to electric prospecting, by the 
methods of alternate current (107). This classification is sufficiently 
well-founded, estimates most fully the applicable methods of electro and 
radio-measurements and could be used in the development of apparatus for 


aerial electric prospecting. 


The analysis of the apparatus for aerial electric prospecting with 
harmonic field shows that it is based on particular cases of two main 
classic methods of measuring - direct measuring and compensation. There- 
fore, the measuring method and its modification are set as the main 


classification indices of the measuring circuits. 


First of all, it is necessary to define the general elements of 
the measuring apparatus in aerial electric prospecting. Some of these 
elements, although indispensible in the said apparatus, could be of 


subordinate significane but for the resolution of the given problem. 


The general links and elements of the apparatus, as shown in 
Table 19°, include: the magnetic field detectors Pr, transforming the 
tension of the electromagnetic field into e.m.f.(voltage); the auxiliary 
elements VE - amplifiers, adaption systems, voltage dividers (attenuators) 
phase-shifting circuits, etc.; the selective systems IS for separating the 


useful signal and indicators of measurable parameters I(U). 


* Some assumption are adopted in this Table: e.g. in the compensation 
method of measuring the compensation is not directly of the electro- 
magnetic field strength, but of the output voltage of the selective 
system, fed from the magnetic field detector, as this with a certain 
error, reflects the nature of the measurable field at one or other 
time. 
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All these links and elements are present in any measuring 
apparatus, however, the dmands imposed on some of them, the combination 
and relation between them vs. the resolvable problem could vary. 
Structure diagrams, shown in Table 19, are common, determining, but not 
the only ones possible. The simplest system of the direct measuring 
apparatus is the selective amplitude voltmeter, the structural diagram of 
which 1 is not complex and includes, besides the common elements, the 


amplitude detector AD (146, 177). 


A more composite system (diagram 2), containing almost double the 
quantity of elements, as compared to diagram 1, is a differential 
selective voltmeter, for measuring the amplitude difference of two signale 
of one or two different frequencies. The difference is obtained and 
measured by the differential detector DD. This type of voltmeter is used 
in the apparatus IAE SO AN USSR for a two-frequency aerial electric 


prospecting (105). 


For the determination of components of the measurable signal in 
Cartusian coordinates, the phase-sensing-selective voltmeter, is used 
block diagram 3 of which is distinct from diagram 1 by virtue of the prese 
-nce of phase-sensing detector FD and the channel of key signal KOS. 
Indications of the measuring device are proportional to the projection of 


the measurable signal vector x, into vector Xo of the comparative voltage. 


1 
The channel of the key signal is meant for receiving, amplifying and 
transforming the comparative voltage, which controls the operation of 
the phase detector. In the phase, the comparative voltage matches most 


often the vector direction of the exciting field, But if there is 


simultaneous control of two phase detectors, shifted at 90° by comparative 
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voltages, it is possible to determine both the quadrature projections 
of the measurable signal x, in rectangular coordinates, preset by the 
direction of vector Xo¢ This type of diagram is applied actually in a 


number of developed apparatuses (21, 90, 102). 


The differential phase-detecting selective voltmeter serves to 
measure the difference in the components of input signals with two 
different operating frequencies (diagram 4), which are the projections of 
input signals onto the direction of vector X° By means of this diagram, 
depending on the problem assigned, the measuring done is of the difference 
of the active and reactive components of signals x4 and X50 If the 
subtracting diagram VS is replaced by the summation diagram SS, it will 
also be possible to measure the sum of the components. The example of 
this diagram's realization is the differential phase-detecting voltmeter 


of AERI-2 apparatus (127). 


Measuring of the amplitude ratio of two signals could be effected 
by diagram 5, where the received signals are detected by amplitude 
detectors AD and then fed to ratio circuit SO. Quotient meters, compen- 
Sation and special electronic arrangements may be used as this circuit 


(104, 232, 234). 


But if the requirement is to measure the component ratio of two 
signals in coordinates preset by the direction of vector X53 the measuring 
apparatus may be designed in accordance with block diagram 5,b, which 
includes the channel of the key signal and phase detectors, instead of 


amplitude detectors. 
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The second group of this classification includes systems based on 
the compensation method of parameter measuring by means of the compensa- 
ting device (KY). The compensator is controlled through the channel of 
the compensating voltage (KKH). If the measuring and generating units 
of the apparatus are placed on one aircraft, i.e., in direct vicinity to 
each.other, the compensating voltage is usually taken off the generating 
unite In the presence of two aircrafts or with the positioning of the 
generating unit on the ground, the compensating signal is transmitted by 


radio-channel. 


The measuring unit with balanced compensator (diagram 6) makes it 
possible to obtain readings in the polar or Cartusian coordinates. To 
determine the compensation moment, the use is made of zero amplitude 
indicator AY, cut in at the KY input. The parameter values are determined 
by a reading device OY. This diagram has the distinctive feature that the 
reading may be obtained only at the moment of complete compensation of the 
measurable Signal. This diagram was used, for example, to construct the 


ground apparatus AFI-2 (11,115). 


The measuring unit, based on the principle of quasi-balanced 
compensation (diagram 7), is characterised by the presence of two 
compensating units, enabling the compensation and separately measuring 
of the required parameters. Since in this case the measuring is scalar, 
the moment of qguasi-balance is marked by means of phase or differential 


indicators. 


= 9n0 = 


When applying the principle of non-balanced compensation 
(diagram 8), the compensation is of the basic value of the measurable com-= 
posite quantity. The indirect measuring is only of the increment 
components of the measured vector. Hence in this diagram, besides the 
compensating device, it is necessary to have two phase-detecting 
voltmeters. This principle of measuring is applied in the apparatus of 
aerial electric prospecting by the VMP (rotating magnetic field) method 


(234), 


Diagram 9 is based on the autecompensation principle of measuring. 
Autocompensation means a static type system with reverse feedback - the 
autocompensator’is most often of electronic type with adjustable current. 
The main elements of the autocompensator - a deducting circuit, an ampli- 
fier with sufficiently high amplification factor, two component gauges KI, 
a summation circuit and a feedback circuit from the output of the 
summation circuit to the VS circuit. Although these diagrams are most 
popular in ground electric prospecting, in future, apparently, they will 


find application also in the aerial electric prospecting apparatus. 


2e Pre-amplification of the measurable signal. 

Pre-amplification of the working signal is a necessary operation 
for practically all known units of aerial electric prospecting. It is 
required with the setting up of field detectors in the outboard gendolas, 


as well as with their placing directly on the aircraft. 
Pre-amplification is necessitated by the following. 


The field detector is usually tuned into resonance oscillating 


LC=-circuit. Its resonance resistance, being output resistance in the 
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given link of the receiving measuring apparatus, is usually quite high. 
The field detector is often placed outside the main set of the aerial e 
electro-prospecting apparatus, i.e. it is brought out from the aircraft, 
sometimes to a considerable distance. In this case, the transmission 
channel of the signal from the field detector to the measuring apparatus, 
made in the form of connecting cables (shielded, unshielded, steel line, 


etc), is affected by noises from the aircraft. 


To reduce the effect of noises, specially on the joining calbes, 
it would be expedient to decrease the internal resistance of the whole 
section of the circuits, “field detector output ~ connecting cable - 
measuring apparatus input", This is achieved in the simplest way by 
pre-amplifying the received signal (the amplifier is set directly after 
the field detector) and by the adaptation of high-ohmic resonance 
resistance to comparatively low-ohmic resistance of the electric supply 
channel of the field detector with measuring instruments by means of 


cathode (emitter) repeaters at the output of the pre-amplifier. 


Since the aircraft causes noises, the level of which is not high, 
the noises in the transmission channel of the working signal from the 
field detector to the measuring instruments may sometimes distort the 
received useful signal, specially if it is of low intensity, or extinguish 
it. In this case there should be a considerable rise (approximately by a 
factor of 10) in the useful signal level over the level of noise in the 
given channel. Hence, pre-amplification is necessary also for increasing 
the signal/noise ratio in the transmission circuit of the useable signal 


from the field detector to the measuring unit. 


= BOD = 


The transmission channel of the Signal from the field detector 
to the measuring unit has a certain stray capacity and the latter, due 
to its instability, may affect the tuning of the field detectors, 
Specially on high operating frequencies. In using steel line (gondola 
version), the stray capacity may reach upto 100 Mmf and even more per 1 m 
length of this cable. Therefore, the capacity has an appreciable effect, 
on high operating frequencies of the apparatus. Thus, preamplification 
is required for eliminating the capacity effect of the signal transmitting 
circuit on the field detector tuned into resonance, which may also be | 
achieved by the setting up the preamplifier directly after the field 


detector. 


The field detector and preamplifier form a receiving section of 
the measuring apparatus and play a considerable role in the general 
complex of reception, pre-processing and amplification of the useful 
signal and in the measuring of its parameters. They are usually placed 
directly next to each other. The preamplifier set up in the outboard 


gondola is often called the gondola preamplifier. 


The unique operating conditions of the preamplifier on a mobile 


object determine the following technical requirements, 


1. The preamplifier should have high (not less than 1-1.5 Mohm) 
input resistance to avoid shunting of the field Qetector, 
whereas its input resistance should be low (less than 


200-300 .ohm) for matching the subsequent input resistance, 


26 
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The preamplifier should be vibration-proof; microphonic 


noise should be absolutely absent in it. 


The level of the amplifier set noise, specially of its 
first amplifying stage, should be very low, considerably 
less than that of the signal, induced in the field 
detector at the required sensitivity threshold of the 


apparatus. 


In service conditions, the preamplifier should have high 
Stability in its characteristics, as its assignment 

includes amplification of low intensity signals. Instability 
of the amplification factor or variation of its phase 
response may result in emergence of pseudoanomalies or in 


systematic drifting of zero. 


In many cases for realizing simultaneous operations on two 
frequencies, the input of the preamplifier should provide 

for connection without reciprocal effect of the two field 
detectors and the mixing of signals of two different 
operating frequencies. Hence the frequency characteristic 
of the amplifier should be uniform within the frequency band, 
determinable by the lowest and highest operating frequencies 


of the apparatus, i.e», the amplifier should be aperiodic. 


The rectilinear section of the amplifier's amplitude 

characteristic in the apparatus of some methods of aerial 
electric prospecting should be widened as far as possible, 
since the levels of measurable signals may vary in comparative 


-ly wide range. 
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The energizing of the preamplifier, the switch-over of the field 
detector to the required operating frequencies, as well as the efficiency 
checking of efficiency of the whole receiving unit is done usually by 


remote control. 


Construction of amplifiers with the requirements specified above 
is a rather difficult problem. However, its implementation is simplified 
by the fact that, in many cases, in practice, it is not necessary to 
reduce the power consumed from the power network of the aircraft in order 
to obtain high stability, good quality, of frequency characteristics, etc. 


of this unit. 


Let us consider briefly the circuits of the main types of 


preamplifiers, used in some methods of aerial electric prospecting. 


Gondola preamplifier for AERA-e apparatus of the BDK method 
(Fig. 113). This is an aperiodic amplifier, assembled on three tubes 


6 147 (should be of vibration-stable series), and estimated for a 
Single-channel operation. To reduce the noises, brought in by the first 
stage, a triode cut-in of the first tube is used in the amplifier. At 

the second stage, the use of a penthode cut-in is made. The output stage 
of the amplifier is assembled on a circuit of cathode repeater. The 
general amplification factor without backfeed is approximately 1000. The 
reverse feedback was-so chosen that the general amplification factor would 
be 100. The cut-in at the input of the amplifier is a special change-over 
circuit with step relay SHI-11, which carries out change-over according to 
the operation of elements, brought out into the outboard gondola, and is 


controlled by one common starting push button. 
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Double damping has been applied for protection against microphonic - 
noise: the whole amplifier is suspended on rubber shock-absorbers and 
moreover, the tube panels are fixed on paralon cover plates. The input 
resistance of the amplifier is not less than 1.5 Mohm, and the output - 
approximately 150 ohm. This permits maching the amplifier with the field 
detector and eliminating the noises from the helicopter equipment in the 
transmission channel of the signal as well as the noise from electric 
discharges caused by electrifying the insulation dielectric of the cable 
with its deformation under the effect of vibrations and oscillations 


during the flight of the helicopter. 


fa ey ian : Z : 
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The amplifier details are selected with high electric 
characteristics and the fitting is carried out with great care. The 
anode voltage is 100v. Incandescence filaments of the tubes are connected 


in series and cut in through the attenuator (not shown in the diagram) to 


“399 = 
the circuit of anode supply. The control of the step-by-step switch is 


effected through the circuit of the output signal. 


TABLE - 19 


Diagram No. Measurin device Block diagram 


Direct measuring method. 1 


As Selective voltmeter ; * inp | WO 


2e Differential selective 
voltmeter 

Be Phase-detecting selective 
voltmeter 

4, Differential phase-detec- 


ting selective voltmeter 


5e Quotient meter: 


a)for measuring medulus 
ratio 


b)for measuring component 
ratio 


Compensation method of 


measuring 
6. Balanced compensator re: 
Ve Quasibalanced convenes 
8. Unbalanced compensator 


9 Autobalanced compensator 
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Preamplifier of the BDK apparatus developed by IAE SO USSR(118) 
(Fig. 14): is also of a single channel and meets all the requirements 
listed above. It is assembled on vibration-stable tubes of low-voltage 
series X-6 with anode supply voltage 24v, which makes it possible to use 
as the source of this supply, the helicopter power network directly. The 
incandescent filaments of tubes, connected in series, are energized from 
the board-network. To eliminate the effect of the varying loads(working 
conditions of helicopter, switching on and off of electric equipment,etc.) 
on the preamplifier the voltage of the board-network is pre-filtered and 
stabilized by means of the semi-conductive stabilizer, located in the 
automatics block of the measuring unit. The amplifier is encompassed by 
reverse feedback, which helps assure its low output resistance. Variation 
of the reverse feedback makes it possible to change the factor of 


amplification from 30 to 1500 smoothly. 


C—O ————— 


Fig: q14,. 
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The last (output) stage is assembled on the circuit of the cathode 
repeater on two parallel connected tubes in the triede method of operation 
which assures low output resistance with maximum amplification factor. 

The noise level at the output of the amplifier, reduced to its input, in 
frequency band 20 kcps - is not over 3 mv, input resistance - not below 

3 Mohm. Effective elimination of microphonic noises is achieved by 
suspending of the amplifier in the gendola on rubber guys. The change-over 
of field detectors to operating frequencies is done by remote control, 


with the help of relay circuit (relay of RSM-1 type). 


Pre-amplifier of VMP apparatus, developed by VITR(234) (Fig.115) - 
is a two-channel one. Its construction is meant for installation in the 
outboard gondola. The amplifier has three amplifying stages and one 


matching (output amplifier). 


The distinctive feature of the amplifier is the use in it of 
cascade connection of tubes, i.e., connection in series of two tubes in 
each stage. The tubes of the cascade circuit are a part of anode or 
cathode lead, each for the other, which makes it possible to assure high 
stability and the least dependence of the common amplification factor on 


the unstable parameters of tubes, supply voltage, etc. 


>» 


Phe relay system at the input of the gondola amplifier helps 
implement remote tuning of both the operating field detectors to the 


operating frequencies of the apparatus. 
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Each half of the tube 6H2II (the small panel for the tube L, is 
Mounted on rubber shock-absorber) builds up amplification of about 30. 
Generally, with the use of the cascade circuit, it is possible to obtain 
amplification of one stage in the order of 1000. However, the intense 
reverse feedback in the stage reduces its general amplification to 10, 


which prevides sufficiently high stability of the amplifying stage. 


The second stage (tube L,) is similar to the first, but has a 
higher common factor of amplification (20). At the output of this stage, 


filter R Coy is cut in to serve for suppressing frequencies, 


19° Raor Caz: 
lying above the maximum operating frequencies of the apparatus (2450 cps). 
Adjustment of the amplification factor from 10 to 30 (during tuning) could 


be implemented by petentiometer Rize 


The third stage is similar to the second (its amplification factor 
is 20). Thus, the resultant amplification factor of the gondola amplifier 
is 4000. The fourth stage is matching, it has low output resistance. The 
frequency characteristic of the amplifier is uniform in frequency band 


600-2500 cps. 


The incandescent filaments of each pair of amplifier tubes are 
connected in series and are energized from the board network by filtered 
direct current 12.6v. Filament current of one amplifier - 0.7 ae Anode 
voltage of 300v is fed from the ordinary unstabilized rectfier, located 
in the block of the measuring apparatus. The second amplifier is similar 


to the first. 
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Preamplifier of AERI-2 apparatus for aerial induction method 


(Fig. 16). This amplifier carries out simultaneous operation of the 
receiving channel on two frequencies. The reconstruction of field 
detectors from one operating frequency to another is effected by the 
tuning nodes for low and high operating frequencies. Cathode repeaters, 
cut in at the output of the tuning nodes, match the output resistance 

of the receiving antennas (on high working frequencies it is about 10° 
ohm) with the other element of the circuit. Since the possibility of 
separate transmission, i.e., along separate cores of the cable, of a 
two-frequency signal from the gondola preamplifier into the measuring 
apparatus with remote supply and control of this amplifier is rather 
restricted (by the three-core cable), the signals of two operating 
frequencies received in the gondola amplifier are mixed and then 
simultaneously amplified in the intermediate aperiodic RC-amplifier. The 
output cathode repeater reduces the output resistance of the RC-amplifier 
and matches it with the low-ohmic channel of signal transmission. To 
ensure high stability of the amplifier parameters and the additional 
reduction of its output resistance, a reverse feedback circuit has been 


provided, which encompasses the output cathode repeater and the 


RG-amplifier, 


The change-over node permits remote retuning of the receiving 
antennas to different combinations of operating frequencies, as well as 
the carrying out of the required commutations of the gondola amplifier 
input with control measurements (calibration, short-circuiting of the 
input for checking the natural noises of receiving channel, etc.). The 


line diagram of the gondola amplifier is shown in Fig: 117. Resistances 
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marked with an asterisk (see example, R)s are selected during the tuning. 
Tubes cut in of the input cathode repeaters and of the node of frequency 
mixing by trisdes, application of low load resistances (Ry g=Ro3=15 kohm), 
and also the absence of shunting capacitances in the tube cathode circuit, 
assure a low level of natural noises in these stages. Elements of summa- 


tion circuit R and Roy of the frequency mixing node are chosen in such 


21 


away as to prevent them from appreciable shunting of the anode loads of 


tubes L and Ly» The amplification factor from the grid of tube Ly and 


Ls to the middle point of circuit Ros Roy, is 2.5. The pentode cut in of 
resistive amplifier tube Los high resistance of anode lead and blocking 
capacitance in cathode circuit make it possible to obtain the amplifica- 
tion factor of stage K of high value (upto 40). 
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a, Unit for adjust?fs4 ground antennal for low frequencies; b, Input cabinet -~ 
repeater; c, Frequency mixing unit; @, RC-amplifier; e, Output cabinet repeater: > 
f, Unit for adjusting magnetic antenna for high frequencies; g, Input cabinet : 
repeater; h, Feedback circuit; i, Unit for changing working frequencies. 
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Experimental investigations have shown that the voltage of 
fluctuating noises on all operating frequencies does not exceed 0.5 mv, 
and the voltage of noises and inductions in the transmission channel of 
the signal received on the measuring apparatus 40-50 mv; the required 


amplification factor K # 100 has been determined on this basis. 
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The last two stages are encompassed by reverse feedback. The 
voltage of reverse feedback is supplied from the cathode of tube L¢ 
29 onto the grid of tube Lee In this case, the 
output resistance is reduced to 55 ohm(44, 249), The voltage of the 


through circuit C4gR 


anode supply is limited by the working allowed voltage for the cable 
cores; it is taken as 120 v.z Incandescent filaments of the tubes are 
energized from the source of anode supply with their subsequent connection 


Excess voltage is dampened on additional resistance Ruge 


As change-over devices for the cuttingein of condensers tuning 
the field detectors the use is made of relays RSM-1 and RCM~2, which are 
cut in turn by the contacts of the step-by-step switch SHI-II in 12 
positions. Of these 12 positions, 11 are used for the control of the 
gondola amplifier, and one, the 12th, is applied for checking the 
operation timing of the finder in the gondola amplifier and of the 
double-finder in the block of stabilized rectifier of this amplifier, 
located in the measuring unit of the apparatus, from which the remote 
control of the gondola amplifier is effected. In this position of the 
finder, the supply circuit breaks, which is marked by the position of 


‘the double finder and controlled by the measuring device. 


Connected parallel to resistance Ryo (c#¥gpit + 120v) is the 
relay coil Rios connected in series with which are the damping resistances 
R33 and R9° With a nominal supply current (working conditions), the 
drop in voltage on resistance Ry feeds this relay coil and this, while 
operating, unlocks its contacts. This results in the cutout of the =" 


finder's coil from the output of the gondola amplifier, thereby removing 


the possibility of parasitic magnetic intercoupling between the coil of 
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Fig: 117. 
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the finder and the receiving antennas. For protection against extra 


current the relay coil Rig is blocked by electrolytic condenser Cage 


The coil of the finder is tut in to the output of the amplifier 
only during the feed of huneeaover impulses (at this time the supply 
voltage is taken off the amplifier), Diod D,, which shunts the coil 
of the finder, serves for damping the extra currents. In series with 
resistance Rio and incandescent filaments of radio-tubes the connection 
is made through contact groups of finder SHI-I-SHI-III of the relay 
group RCM coils. The resistances, which shunt the coils, are so matched 
that the group of relays RCM would operate reliably at a nominal working 
supply current and the common current transmitted through the relay coils 


and resistances would be similar in all positions of the finder. 


The rectilinear section of the amplifier's amplitude characteris- 
tics is permissibly widened, ao that at the extreme operating frequencies 


Unified transisterized preamplifier OKB MG USSR (Fig.118), where 
1-10 are the points of the electric circuit, soldered to the branches 
of the plug connector. This amplifier was developed in 1965. It 
consists of unified nodes. An amplifier of this type could form the 
basis for systems for preamplifying signals received by the field 


detector in many methods of aerial electric prospecting. 


It is known that, in amplifiers of low frequency, the amplifying 
properties of transistors are most fully utilized by direct coupling 
between stages. Besides improving the condition of matching and frequency 
characteristics in the zone of low frequencies coupling of this typé makes 


. 
Paes 
“ 
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it possible to simplify considerably the diagram of the amplifier and 

to reduce its overall size. The characteristic feature of the diagram 
is the presence of transistors, operating in hie input stages in 
conditions of low currents and voltages, which improve to a considerable 
extent the energy and noise indices of the diagram. To ensure these 
conditions, it is necessary for transistors to have sufficient amplifi- 
cation factor on current o at low intensity (about 0.2-0.4 ma) of the 
collector current. These properties are possessed by a majority of 
silicon transistors, specially transistors MP101-MP103 (in the present 


diagram T, = T¢ are transistors MP102). As shown by measurements, the 


é: 


value of factor # in these transistors with collector current 0.3-0.4 ma 


is half the g values, measured in nominal test conditions. 
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The input portion of the amplifier is assembled on a circuit 
of doubled emitter(54). This circuit has a sufficiently high input 


resistance (upto 2.5-3 Mohm) with transmission factor close to one. 


Transistors T, (P28) and T, (MP103A) operate in "lownoise" 
conditions: one voltage between the collector and emitter of transistor 
Ty is almost equal to that between the base and emitter of transistor Ts 
and is only 0.1+-2v. The collector current, transmitted through the first 
transistor, is also very low (0.1-0.15ma). Moreover, in the first stage 


of the circuit low-noise transistor P28 with noise factor not over 5 db 


is used. 


From the collector of transistor T. to the base of transistor T, 
is fed voltage of reverse feedback on direct current. Feedback on 
alternate current is eliminated by the cut-in of condenser Ce between 


resistances Re ~ R, and the common busbar of the amplifier. The increase 


9 
the input resistance on the side of transistor Ty input, and also for 
raising the stability of the amplification factor, resistance R, > has been 
cut-in into the emitter circuit of transistors T; and To» due to which 
resistance there is additidnal circuit of reverse feedback in series on 
direct and alternate current. The intensity of resistance Ris does not 
exceed 30-40 ohm, therefore, its cut-in does not affect fie estimated 
circuit on direct current. To reduce the output resistance, the last 
stage (T¢) is cutein on circuit with a common collector. The range of the 
amplifier's frequencies is within 10-30 kcps. Frequency characteristics 
of the amplifier in the region of low frequencies depend mainly on the 


tue of capacitors Ch Coe Capacitor Ce is cut in to prevent parasitic 


excitation on high (30-60 keps) frequencies, The tuning of the amplifier 
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means correcting resistances Rg - Rg from 47 to 100 kohm. Consumption 


of power by the circuit from the supply source is not over 40-50 mkwt. 


3e Selective amplification. 

The increase in efficiency of the measuring unit in aerial 
electric prospecting with harmonic field (see para 3 chapt.IX) may be 
obtained with additional selective amplifying of the receivable signal. 
In this case, it would also be possible to increase signal to noise 
ratio at the output of the selective amplifier as compared to the. ratio 
at its input. Simultaneously, the effect of natural noises of field 
detectors and preamplification nodes of the received signal is reduced, 
as of vibration noises and possible inductions on the measuring instru-~: 
ments from some nearby generating units, specially with the simultaneous 


operation of the apparatus on two frequencies. 


Selection amplification in aerial electric prospecting is 
usually achieved by the application of selective LC - and RC-amplifiers. 
In this case, the anti-resonance circuit is very seldom used in the 


amplifying channel. 


The main requirements of the selective amplification could be 


stated as follows: 


16 The selective circuit should ensure suppression 


(upto 50 db) of side-band frequencies. 


ee Frequency characteristics of the selective circuit 
within the limits of negligible detuning due to 
operating resonance frequency should have "flat 


top. 
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36 Phase characteristics on the operating 
frequency and with negligible detuning 


should be almost linear. 


Ae Parameter instability of the selective 
circuit and amplifying channel should 
not cause additional error exceeding the 


basic error of the apparatus. 


Calculations and practical work with the apparatus of aerial 
electric prospecting have shown that for the implementation of the first 
requirement the use could be made of selective circuits with suppression 
of side-band frequencies by tens and even hundreds of times (20-50 db), 
For the single-frequency apparatus these requirements naturally, are 


lower, for double~frequency one - higher. The constructive assembly of 


| 


circuits is rendered difficult mainly in the building of the two-frequency 


apparatus, where it is necessary to reduce the inter-effect of the channels 


The main attention in this should’ be paid to shielding, correct and 


rational disposition of the input and output circuits of individual nodes, 


connections between separate blocks, constructive arrangement of the 
measuring and generating units both in separate blocks and in the common 
body, etc. 

The shape of frequency characteristic in the selective circuit 


near the operating frequency, applied in the apparatus of aerial 


electro-prospecting, is shown in Fig: 119. Here on axis of abscissae is 


plotted detuning ar and on axis of ordinates ~ output voltage ratio 
fe) 
out . : 
- a = 
a where Laer voltage with detuning Af, an Ute Say voltage 


on resonant frequency foe 
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Within the limits of the flat frequency characteristics the 
amplification factor of the selective circuit remains invariable or 
varies insignificantly. As a result, it i8& possible to reduce the 
stability demands of frequency fy in the oscillating apparatus(since 
negligible detuning from the field detector's resonameis allowed); also, 
a somewhat higher instability of the selective circuit, than with sharp 
frequency characteristics. In the practical implementation of this 


Circuit, the effort is usually to obtain the selectivity curve symmetrical 


in respect of the ordinates axis. 


7 0,05 


Loe 
Fig: 119. 


The requirement of linear phase characteristics in the 
selective circuit ensues from the necessity of studying the phase 
characteristics of the field with a certain error in the phase. 


Minimum additional error in the measuring channel of the phase will 
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be when with a negligible deviation of resonance frequency fo the phase 
characteristics of selective circuit will hardly change. Tootain this 
type of characteristic is very difficult; therefore, the effort is to 
assure its linear relationship within the transmission band of frequen- 
cies 2Af (at a level 0.707). This permits preventing to some extent the 
apvearance of pseudoanomalies in the phase due to possible jumps of phase 
characteristics in the selective circuit (e.g., variation of external 
conditions during the flight: temperature, humidity, etce)s 

The measuring apparatus should be vibration-stable, and the first 
amplifying stages should be protected to an extent that the level of 
vibrational noises in the selective circuit itself would be low. 

LC-sclective amplifiers, widely adopted in low and high-frequency 
apparatus of aerial clectro-prospecting, usually consist of one or several 
LC-circuits. In the concentrated inductances of the circuit the use is 
most often of inductance coils with Alsifer cores. At low frequencies 
the inductance value of the circuit is limited by the size of the standard 
core and practically does not exceed 1 henrye In the same conditions the 
inductance of coil on ferrite core increases upto 1.5-2 henries,. The 
application of LC-selective circuits on low frequencies is somewhat 
difficult due to the presence of amplitude characteristic in inductance 
value of LC-circuit, assembled on ferrite core, and also low Q-factor 
of inductance itself, assembled on Alsifer core, According to the test 
data, inductance ferrite core of toroidal shape 200 NN ( My = 250) 
with variation of signal amplitude from 0.1 to 10v varies its value to 
such an extent that the resonance frequency of the circuit changes within 
the limits of 5 to 10%. Circuits of these types are not used for 


measuring purposes, 


= 272-5 


The low Q-factor of toroids with Alsifer cores, and also increment 
in the capacitance value of the circuit's tuning into resonance at 
reduced resonance frequency, make whose application on low frequencies 
difficult. Thus, on frequency f = 244 cps at L = 0.7 henry capacitance 
of C circuits comes upto 0.6 mF. This means that the capacitance of 
condensers, which could have been applied in the circuit, will be too 
low, as a result of which the temperature stability of the circuit will 
also be low, and the application of such a circuit in the amplification 
channel is inexpedient. The advantages of LC-circuits on high frequencies 
are more apparent (116). 

To reduce the overall size of the measuring circuits, to increase 
their stability, Q-factor and other characteristics the application is 
often made of selective RC-amplifiers of blocking type with double T- 
shaped RC-bridge in the reverse feedback circuit, assembled usually 
according to two- and three-stage circuits with high amplification for 
the working signal. Due to sufficiently low capacitance: values required 
in this bridge, application is possible of small size stable tuning 


condenserSe 


Fig: 120. 
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The two-channel RC-amplifiers are usually assembled according 
to the diagram shown in Fige 120, where ve and eer ~ are the input 
and output voltage respectively; K, and K, - amplification factors of 
the first and second stages respectively; p - the transmission factor 
of anti-resonant circuit; Kg - the transmission factor of the cathode 
repeater. To obtain high Q-factor of RC-amplifiers it is necessary to 
apply stages with high amplificationfactor. However, in this case the 
selective amplifiers have one substantial short-coming-tendency to 
singing (14, 15, 176, 249). It is known that the cause of singing in 
the amplifier with closed feedback is the phase shift cP =360° or @=30° 


whereas the amplification factor K on any frequency outside the pass-band 


of the amplifier should be considerably greater than one. 


In the selective RC-amplifier, assembled according to the diagram 
in Fig.120, on distant side-band frequencies, where the transmission 
factor of anti~resonant circuit 8 ~~ 1, the amplification factor is 


given by fornula 


cs» I, (X.I) 


where Ky - the amplification factor of two stages on resonance frequency. 


With the high amplification factor Ko the presence of the 
parasitic capacitance in the amplifier will cause general phase shift, 
at which there is positive feedback, resulting in unstable operation of 


the amplifier or its singing. Due to insufficient stability, inherent 
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in high quality low-frequency RC-amplifiers with double RC-bridges in 
feedback circuit, these amplifiers are not widely used in the apparatus 

of aerial electro-prospecting. But in the practical diagrams for 
amplification stabilizing of selective RC-amplifier combination of active 
and frequency-dependent feedback is very widespread. Selective amplifiers 
with the so called intensified reverse feedback with improved productive 
characteristics even on very low frequencies, may also become popular 


(13, ah). 


The diagram of a one-circuit selective RC-amplifier, operating 
on this principle, is shown in Fig. 121 (denotations are the same as 


in Fig. 120, moreover, U i - feedback voltages; K, - the amplifi- 


ec” @.c 
cation factor of additional amplifier of feedback voltage). In this 
diagram, the signal is amplified only by one stage, and the general 


amplification factor on tuning frequency is equivalent to the amplifica~ 


tion factor of the first stage. 


Fig: 121. Fig: 122. 
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On side-band frequencies, the amplification factor is determinable 


from formula 


K = s ? (X.2) 
oO 1 + PK KK 
n 


In this case, Q-factor of the selective stage could be 


determined from ratio 


Qs ’ (X.3) 


In the capacity of frequency-dependent feedback, the use is 
made of symmetric double T-shaped RC-bridge (Fig. 22). Elements of the 


bridge are calculated from the known ratio 


(x.4) 


Selectivity increase in the amplifying channel in the apparatus 
of aerial electric prospecting could be obtained either by the applica- 
tion of several selective RC-amplifiers, or of LC+circuits with cut-in 
into discrete amplifying stages in the build-up of band-pass filter or 
into one amplifying stage. In the latter case, besides the selectivity 
increment, there is improvement in the rectangular factor of the selec- 


tivity system, and the phase characteristic becomes almost linear. 
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It is a known fact that the three-circuit band-pass filter is 
an optimum version of selective circuits (116). Input diagram of the 
selective LC-amplifier with three-circuit band-pass filter is shown in 
Fig: 123. Stabilization of the amplification factor of the amplifier 
and value increment of Rj tube can be implemented by reverse feedback 


in the current. Inductances of circuits are selected similarly. 


Fig: 123. 


Between the separate circuits of the band-pass filter is a 
capacitance coupling through condensers C.B. The capacitance of the 


coupling condenser is taken as critical and is calculated from formula 


(X.5) 


where oe - circuit capacitance, 


ent 


The selectivity of the diagram at low detuning (less than 10% f,) 


is determinable from formula 


Mm 
5. a + bof 39 (x26) 
2 


where 


At distant detuning selectivity of the diagram may be determined 


from the term 


s = (X27) 


where 


The reduce the possibility of amplitude-phase distortions, the 
band-pass filter should be cut in in the first stage of the amplifier. 
This diagram, successfully applied in the selective measuring amplifier 
of AERIS apparatus, could be recommended for practical application. 


Given ahead are the specifics of such a band-pass filter: 
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Frequency, cps 
500 1000 2000 4000 8000 


Circuit inductance,henry O45 ° -Oe25 0.125 0.0625 0.03125 
Circuit capacitance,mF 0.2 0.1 0.05 0,025 0.0125 
Noise damping with 

frequency 50 cps 21.107 - - - a 
Noise damping with fre- 


quency 400 cps 5.10? 3.10 1.3.10° 21.107 z 


N.B: On the indicated frequencies, the following parameters 
remain invariable: Q-factor of circuit - 40; amplification 
factor - 46; selectivity with 10% detuning - 170 (over 
40 db); amplitude variation in the range of 1% detuning - 


1.26. 


It has been established by experiments that the phase error 
with variation of input voltage in the working portion of the phase 


° 
recorder scale does not exceed 2 for each frequency. 


In building selective diagrams of the measuring apparatus, the 
importance is that of their temperature stability, moisture resistance 
and being vibration-proof. It is a known fact that the stability of 
the selective RC-amplifier, including that with the amplified reverse 
feedback, is determined mainly by the stability of condensers and 
resistances of the double T-shaped RC-bridge. By introducing active 
feedback, the instability of the amplifying stages could be reduced to 


negligible as compared to bridge stability. 


In the case of applying two selective amplifiers connected in 
Series with bridges detuned in respect of each other, the highest effect 
on the amplification factor is caused by the asymmetric instability of 
the transmission factor. Temperature asymmetry of the bridge is caused 


by dissimilar temperature factors of condensers and resistances. 


The highest temperature stability of amplifiers is provided by 
mica condensers SGM and KSG type with temperature stability = 0.005% per 


4? 


C. The resistances of VS type have negative temperature factor (45) 
(thus, for power 0.5-2 wt it is 0.1% per 1% with temperature range - 60 
to + 20°C), whereas resistances MLT have the temperature factor = 0.12% 
per 1°C. The most stable in temperature factor are the resistances of 

BLP type (upto 100kohm). Temperature factor of the resistances of A type 
is 0.01% per 1°C within the temperature interval + 20 - + 60°C and 0.0125% 


per 1°C in interval + 20 - + 60°C. 


If for the resistances with temperature fluctuations from - 10 to 
+ 40°C variation of their values is about 5% then for the BLP in the same 
temperature limits it is about 0.5%. This value is close to the tempera- 


ture factor of mica condensers capacitances. 


To avoid high asymmetric instability it would be expedient to 
use, aS adjusting resistances of the bridge, wire adjustable resistances 


(manganin, PPZ-12 with temperature factor 0.003% per 1°C). 


The instability of LC-circuits is determined in the same way ag 
of the inductive magnetic field detectors (see para 5 chapt.VII and 


(154). 
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by Application of phase-detecting principle: 


During the last few years, phase-serving dectors(FHD) have been 


widely applied in serial electric prospecting. 


The operating principle of PHD has been sufficiently 
described in literature (100, 101, 224, 259); therefore, here we discuss 
its main properties in application to the diagrams of measuring and 
recording apparatus in aerial electric prospecting. It is known that 
FHD have rather high selectivity, high input resistance, wide range of 
operating frequencies, comparatively high zero stability, etc. 


(101, 151, 179). 


fuinepentd e Key to Figure 124;; 
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Fig: 124 


There are two operating methods of PHD: detecting and keying. 
The detecting method is characterised by comparative voltage having 
Sinusoidal shape; the detecting could be diode, anode or cathode type, 
The detecting circuit of FHD includes, as a rule, a differential detector 


with a circuit of geometrical adding and subtraction. A block diagram 
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of this type of FHD is shown in Fig. 124,a. The measurable signal U, 
and comparative voltage U, are lead in to sum-differential circuit, 
providing for the phase-inversion of one of the voltages and obtaining 
of their vector sum Yana difference Up. The vector diagram, explaining 
the operation of this circuit, is shown in Fig.124,b. Voltages Yand U, 
are then fed into the input of the differential detector, the output 
terminals of which are so connected so that the cut-in electromagnetic 
device I shows the difference of these two voltages as average. The 


indication of device is determined from the following relation (101): 


_ 2 2 fOr ne 
H=C Ul + Ul + ayujcosep-\VuC + US-2U Ujcosep (x.8) 


where C - factor dependent on the circuit parameters; <P-angle of the 


phase shift between U, and Uo° 
With fulfilment of condition U, SU, formula (X.8) simplifies, 
indications of device I become propo-tional to the active component of 


signal 


= cU,cos P (X.9) 


If to FED, assembled according to the block diagram in Fig. 124,a, 
comparative voltage of rectangular shape is applied, its operating method 
will be the method. Indications of device at U, S U.. are also determine 


able by formula (X.9). 
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The key method is characterised by lower dependence of voltage 
at the output of the FHD on the level of comparative voltage with the 
shape of rectangular pulses ("quadratrix" of sinusoid), which periodically 
open and close the circuit. This method resembles the operation of the 
phase-detecting circuit with mechanical rectifiers. To obtain a 


“quadratrix" the sinusoids use the usual circuits of limiters. 


Depending on the method of supply and adjustment of comparative 
voltage phase, indications of device I could be proportional to the active 


and reactive components, the amplitude or phase of the measurable signal 


(Fige 125). 


uy 


ReU, 


Im, 
Puc. 125. 


Fig: 125. Fig: 126. 
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If the vector of comparative voltage Uy coincides in direction 
with vector Uys the voltage at the FHD output is proportional to the 
amplitude of the measurable signal Uoe When the vector of comparative 
voltage UL makes with vector Uy angle cp » its projection onto direction 
u. will be Rev. The voltage at the FHD output, proportional to ReUy» 
is denoted as the active compenent of the measurable signal. But if 
vector UM makes with U, angle 90° - <P, then at the output of the FHD 
the voltage is proportional to Te? or to the reactive component of 


the measurable signal. 


The turn of the phase at the required angle may be provided by 
means of various types of phase-invertors*, providing, as a rule, the 
turn of the phase in the channel of the key signal at any required 


electric angle. 


From formula (X.9) it is seen that for measuring the phase angle 
it is necessary to ensure either constant amplitude of the measurable 
Signal, more precise product CUns or to use the property of the FHD as 


zero indicator of transition over the phase shift <p 2th 


90° (in this 
case voltage at the output of FHD is equal to zero). This requires 
operating by graduated phase~invertor of phase shift to indicated moment. 


In this case, the reading of the phase is taken from the graduated 


phase-invertor. 


Indications of the phase meter, constructed by the first method, 
vary in accordance with the cosine curve, which is not always profitable 
and acceptable. Therefore, it is expedient to have indications of the 


phase meter proportional to the phase shift. It- can be shown that the 

* Direction of vector U, may or may not coincide with direction of vector 
U,; therefore, the sign of active & reactive components could generally be 
either positive or negative. 
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FHD has this possibility. Indeed, if the FHD is imagined as multiplicatia 
circuit (56, 64), at the outputs of which arrive two signals CU, and Us)» 
having between them the phase shift of rectangular shape, it may be 


assumed that 
iy 
go et LN (X.9a) 
° 


Thus, both the signals could be written as follows (Fig. 126) 


+m ozt cz) 


-U. o<t< £1) 


Ue + Ung (top BX ht %: 3) 


J Unc (He T+ Se t< r) 


Substituting the obtained Ue and UE values into formula (X.94), 


we obtain 
' 7 Te 
a = e'U oJ : (= = Py (X.10) 


VE 
At a moment, when &P = =, we have “a =-0. 


Therefore, the FHD circuits are universal. Their diversity is 


clearly shown by the block diagrams shown in Fig. 127. 
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Fig: 127. 


where ¢ - the phase-invertor;/T- a, M-pP, fl - P- recorders 
respectively of the active, reactive components and of the phase; 0 = 


the level arrester. Other FHD diagrams are given in chapt.XII. 


Let us consider the selective properties of the FHD, which are 
so important’ in aerial electric prospecting. The high selectivity of FHD 
is explained primarily by the fact that, due to the effect of comparative 
voltage, the conductivity of detector time varies with certain recurrence 
and, therefore, from the average value of the rectified current, exclusion 
of components from the input signal of non-synchronous commutation 
frequency is made to some extent. If we compare the selective properties 
of the detector insensitive to the phase (for instance, of rectifying 
system voltmeter) with phase-sensitive detector on the action of 
Sinusoidal voltage of noise, it would not be difficult to hecome convince¢ 


of the advantages of the latter. 


With the action of noise Un voltage at the output ve of the 


- 389 - 


phase-insensitive detector in’the case of ~ << 1 is expressed by 


c 
the following relationship (101): 
Fed U 2a 
U = at, {1 +(2 ) : (X44) 
ow c 


where a = the conversion factor of the detector, equal to the ratio of 


average rectified voltage to the virtual sinusoidal voltage. 


Relative error due to noise effect is given in the following terms 


b= 4 (ix) 
= (X.12) 
on 
The significance of the given relation lies in that the value 
U 
of error increases slower than the noise=to-signal ratio aS » i.e., 
Ss 


in this case, there is an event, which is characterised as suppression 
of noise by the signal. Thus, with noise of 30% of measurable voltage, 


the error comes to only 2.3%. 


In the determination of error due to noise action, in a case 
where the FHD is applied it should be assumed that there is a differential 
detector in its composition, which in turn should be considered as two 
linear detectors, to the input of which in the absence of noise are fed 


two voltages (see Fig. 124,a): 


- 390 - 


2 2 : 
ye = Ue + US + 2u, Ujcos f; 
(X.13) 
2 2 
Up - Ue + Ue - 2u ,U,cos <p. 


Indications of device, cut in at the output of the differential 
detector, are proportional to the difference of voltage amplitudes a 


(U, - U,). The presence of noise with amplitude U, causes the 


Py 


increment of voltage at the output of both halves of the detector, and 


for one half it may be determined in accordance with relation (X.11) from 


the terms 
1 op 
ate tee ee 
eo 
and for ther other - from formula 


a 
aD 1 + Tr 
P 


Voltage at the input of the differential detector is proportional 


) 


After conversion of this equation, we obtain the term for relative error 


to 


aia 
3 ina ne 


2 
U 
1 1 
Unsalu_ (1 6 eS) Se Tf ts . 
538 #) EC : 


of the FHD, caused by the noise effect: 
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. 2 
or with u< Ua and JU Use Uo we get 


>y 


S-- +() (x.14) 


In the first approximation the error of the FHD, caused by the 
action of noise, does not depend on quantities Us and cp » but is 


U 
determinable only by ratio =. In spite of the fact that the structure 


U 
c 
of formulas (Xe12) and (X.14) is similar, the error of the FHD from the 
noise action is found to be much lower than the error of the ordinary 


detector, since vi is considerably higher than Us (usually U5 <— 061 Uo. 


The selectivity of the FHD could be considerably increased, if 
instead of detecting the application is of key method of operation, i.e., 
change-over to comparative pressure of rectangular shape. If commutation 
error’ is known (Fig. 128),:-it is easy to find the amplitude, equivalent 


to the detecting method of comparative voltage: 


°U U 
T T 
UT ~ sin yo? (X.15) 


Since value is low. 


Substituting into formula (X.14) instead of U, the value of Ut? 


we determine the relative error of the FHD, operating in key conditions: 


6 a2 shes el U 2 
: ae a ; (x.16) 
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where U, ~- the intensity of comparative trapezoidal voltage (see Fig.128) 


Thus in key conditions, the FHD has considerably higher selectivi- 
ty than with detecting. For instance with y = 0.1 and U. - U, the 


error in keying is 100 times less than in detecting. 


Fig: 128. 


However, selectivity of odd harmonics of us Signal in the FHD is 
not high. Thus, for “”-th harmonic of signal current at the output of 


the FHD is given by relation (137). 


[= 


ck 
Top = pa Os PD,» (X.17) 


where <P - the angie of phase shift of m-th harmonic. 


Therefore, the FHD error from the signal harmonics should be 
equal to the harmonic divided by its number. To avoid this short-coming, 
the high signal harmonics, where possible, are filtered by means of 


selective circuits, cut in at the input of the FHD.. 


eS 1 


Moreover, the comparatively high selectivity of the FHD in the 
key method makes possible substantial suppression of all noises, 
incoherent to the key signal but similar in frequency, even if they are 
of considerably higher intensity than the signal. In this case, it is 
important for the intensity of comparative voltage to remain higher than 
the intensity of noise. This makes it possible to use the FHD for 
measuring low alternative voltage and as the node for the comparison of 
follow-up systems in automatic recorders of modulus, compenents and 


phases in aerial electric prospecting. 


5. Measuring of amplitude (modulus): 


In the majority of the measuring apparatuses for aerial electric 
prospecting, the possibility of measuring and continuous recording, with 


the required precision, of the sinusoidal signal level has been provided. 


From the classification table of measuring circuits (see para 1, 
chapt.X) it follows that in accordance with the problems of aerial elec- 
-tric prospecting, it is possible to make a choice of methods for 
measuring the level of the anomalous field signal. Thus, in the methods 
of near and combined zones the direct measuring of the signal level by 
means of phase~detecting and amplitude voltmeters has become very 


popular. 


In the apparatus of radio control and measuring, the "direct" 
measurements are carried out after frequency conversions (222). However, 
in the choice of the measuring method, the consideration should be not 
only of merits, short-comings and potentialities of each of the indicated 


methods, but also of the difficulty of constructing the measuring devices. 
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The direct measuring of the signal level is most simple by 
means of electronic voltmeter of any type (175, 193, 207). The 
operating principle of electronic voltmeters is based on the detection 
of the measurable sinusoidal voltage by means of electronic tube, and 
of the rectified current by electro-magnetic measuring devices, the 
scale of which is graduated directly in units of the measurable voltage. 
Depending on the principie of detecting, there are electronic voltmeters 
with anode, grid, cathode and diode detection. In comparison with 
voltmeters of other systems, electronic voltmeters have some advantages, 
the main ones of which are the high input resistance and the wide range 
of operating frequencies. In aerial electric prospecting the most 


popular are voltmeters with cathode and diode detecting. 


The main difficulty in measuring with electronic detecting 
voltmeters is in providing effective prefiltering of the usable signal 
from outside noises and those arising in the preamplification channel. 
Therefore, besides the introduction of selective elements in the input 
circuits of electronic voltmeters, it is also necessary to choose the 


most noise-proof operation conditions. 


There are three main methods for operating the electronic 
detecting voltmeters (175, 207) Class A, in which the virtual (effective) 
value of voltage is measured by the voltmeter; Class B, in which the 
voltmeter is used for measuring the average voltage intensity in the case 
of linearly-broken characteristic of detector; and class C, in which 
measuring by the voltmeter is of the peak intensity of voltage. When 
measuring sinuscidal voltages without noise, all the three methods of 


operating the detector are in principle equivalent. 


oo 


The extent to which voltmeters are noise~proof and which 
determines the virtual, average and amplitude (peak) intensities of 
voltages is not identical; this is described in detail in (192) (see 
also para 4, chapt.X). The voltmeter for measuring the peak intensity 
of voltage is the least noise-proof; the most noise-proof is the voltmeter 
for dtermining the mean voltage intensity. The latter is most simply and 
conveniently measured by the cathode detector of Class B. The tube 
voltmeter with cathode detector Class B has high input and low output 


resistances; it is characterised by absolute accuracy of measuring. 


The shape of the detector characteristic varies with the change 
of detecting tube or with the change of resistance of detector's load. 
The most subject to variations is the initial section of the characteris- 
tic, which is usually not used in measuring instruments. The error in 
the last two-thirds of the measuring instrument scale, i.se., in the 
section, where the detection characteristic is almost linear, does not 
exceed 1%, which is quite permissible for the general purpose of aerial 


electric prospecting. 


As an example of electronic voltmeter with detector system, 
let us take the tube voltmeter, meant for measuring the average 
intensity of voltages with cathode detecting, which has been applied in 
AERIS and AERI~2 apparatus. The diagram of the tube voltmeter is shown 
in Fig. 129. The control grid of the tube is fed direct bias voltage, 
independent of anode current intensity. This is done by means of the 
external source of bias voltage E. = 150v. To obtain half-wave 


detecting the bias voltage should be slightly lower than the blocking 
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voltage of the tube. In this type of detecting the anode current of 
the tube is practically proportional to the effective intensity of 

the applied voltage. The measure of the UE voltage applied to the 
grid is the increment of the constant component of the tube's anode 
current. The intensity of anode current is measured by milliammeter 
or microammeter of direct current, cut in into the cathode circuit of 
the tube. To separate the variable component, the measuring devise is 


Shunted by condenser C The voltmeter circuit is so constructed 


a 
that in the absence of the measurable signal, the direct anode current, 
transmitted through the measuring device, is compensated by the lead-in 
into the circuit of additional compensating voltage source Eis which 
is at the same time bias voltage source. In this case, the whole of 


the measuring device is used for measuring the current induced by the 


applied signal Ue 


Fig: 129. 


= poe = 


Load resistance R, in the tube's cathode determines the 
characteristics curve of the tube voltmeter. In the absence of the 
Signal the Spacing current of tube Tt, completely passes through 
resistance Ris The higher is the value of this resistance, the less 
the spacing current depends on the tube parameters and, apparently, 
all the higher will be, all other conditions being equal, the sensitivity 
of the circuit. The compensating voltage Bee is so cut in that it 


is directed towards the UL voltage, operating between the cathode of the 


tube and general minus, and with compensation Uy. = E. e° 


Connected in series with the measuring device is the recorder 
with equivalent inner resistance Bag (terminals a and b). Part of the 
fixed component of the anode current, transmitted through the measuring 
device and the recorder, can be determined, in the presence of alternate 


voltage at the input of the voltmeter, from the following ratio 


Uae 
IT (X.18) 


H Te : 
(Re gtk, in Roxp? 


where Ve - the amplitude of input voltage Us ni R; ~ the active resistance 


in the frame of the measurin:: device with direct reading. 
The given diagram assures practically undistorted measuring of 
the input signals with intensity upto 55-60v (with tube 6KifM in pentode 


connection) at the maximum current of the recorder upto 5 ma. 


In the apparatus of aerial electric prospecting, application 


is made sometimes of the legarithmic vacuum=tube voltmeter(for instance, 
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in the apparatus of the BDK method, where the measurable signal varies 
in a wide range (118). The simplified diagram of this amplifier is 
shown in Fig: 130 (193). The measurable voltage arrives at the input 
of a two-stage amplifier on tubes with variable steepness, becomes 
rectified by one half of the diode and read off the scale of the 
electromagnetic microammeter, connected in series into its cathode 
(loading) circuit. The amplified alternate voltage arrives at the 
second half of the diode, where it is rectified and defined as direct 
current voltage on load resistance Rye This voltage in the shape of 
negative bias is supplied to the grid of amplifying tubes. With the 
rise of input voltaze, the negative bias increases, while the 
amplification factor decreases, which result in reduced relative 
increment of the output voltage in relation to that of input. Due 
to this, measuring device, graduated in units of output voltage, has a 
scale similar to the logarithmic*. - 
An example of the diagram for measuring the modulus with linear 
detector on transistor is the diagram in Fig: 131, where 1 - the phase- 
invertor; 2 = the cathode (emitting) repeater (147). This diagram is 
calculated for connecting with its input of recorder in the form of 
automatic potentiometer. Detector Tas assembled on transistor fT 16, has 
practically a linear characteristic curve; the most sensitive scale of 


this type of voltmeter - 10 mv. 


* In the BDK apparatus developed by ITA SO AN USSR part of detected 
voltage, proportional to the modulus of the amplifiable signal, is 
supplied to antidynatron grids of tubes in the two tube circuit of the 
logarithmic amplifier on pentodes (6K 217). The ariation in controlling 
voltage level by means of resistances, cut in into antidynatron grids, 
makes it possible to approximate sufficiently accurately the preset 
logarithmic curvee 


Puc. 130. - | | : aoe es | * 


Figs 130 Fig: 131. 


In the compensation method of measuring on alternate current 
a considerable advantage over other known methods of signal level 
(modulus) measuring is that the instability of the amplification factor 
in the intermediate (linear) amplifier practically does not affect the 
measuring results. In this case, the serious difficulties encountered 


are to construct a recorder - automatic potentiometer of alternate 


current, which should have two regulating members and, therefore, two 


servomotors. The main virtue of this method of measuring is the envelop- 


ment by feedback of the whole system. However, to ensure the stability 
and quick action of recorders in the presence of two interconnected 
regulating members in the system is very difficult (246). Moreover, 
for the automatic compensation of alternate canna. it is necessary to 
obtain the stable value of the key signal both in the modulus and the 
phase, which is unobtainable in the apparatus of some of the methods in 


aerial electric prospecting. 
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6. Measuring of phase shifts: 

The specifics of measuring phase shifts in the apparatus of 
aerial ei detuacanospeetine is the variation, within a wide range, of 
one out of two or, simultaneously, of both voltages, between which the 
phase shift is being measured. One of these - the voltage of the 
useable signal received by the field detector, is amplified and filtered 
from noises in the measuring channel. The second voltage, in relation 
to which thephase shift is being measured, is the comparative pres<ure, 
little varying in intensity in the apparatus of the near zone method 
and of considerable variation in the apparatus of the combined and 


distant zone methods. 


This voltage in the apparatus of the near and combined zone 
metnods is generated by the master oscillator and is supplied to the 
measuring unit directly from the master oscillator, or from the 
oscillating frame with dispesition of oscillating and measuring units on 
one aircraft, or from the receiving frame, when the generating unit is 
on one and the measuring unit on the other aircraft. If the field 
emitter is on the ground (e.g. in the apparatus of the BDK method), the 
key Signal is sent to the measuring apparatus on board through radio- 
channel. In this case, the comparative voltage phase should repeat the 


current phase of the primary field source, 


This specific behavior of the signals largely determines the 
choice of the principle for measuring phase shifts, block and line 
diagrams of the electronic phasometer in the apparatus of aerial electric 
prospecting. Considerable amplitude variations of the measurable and key 


signals can result in increasing the error of the phasometer, since in 
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phase reading on the recorder, graduated in degrees, random increment 


of its indications will be recorded as actual phase variation. 


The most widely adopted circuits of electronic phasometers are 
those with everlapping arrangement (congruence circuit, summation 
circuit); with triggers (single-cycle, and push-pull circuits); with 
linearly changing voltages; with frequency transformation; with phase- 
detectors (FHD). The construction principle of the first four phasometers 


is described in detail in (43). 


Phasemeters with triggers and phase-detectors have become very 
become very popular in the apparatus of aerial electric prospecting. 
Phasemeters of this type are very accurate and not too complex. 
Therefore, it seems expedient to discuss the principles of measuring of 
phase shifts with these phasemeters and to give brief descriptions of 
the diagrams of some of them, assembled for the apparatus of earial 


prospecting. 


The phase shift between two sinusoidal signals is measured as 
follows. First, in order to obtain, at the output of the circuit, 
oscillations similar to symmetric rectangular impulses, the signals 
are amplified and limited. Then these oscillations are fed to the 
circuit, sensitive to phase shift between the input pulses (time shift). 
The phase-detecting circuit generatess the current (voltage), linearly 
cOupled with the phase shift. Amplitude errors in these circuits are 
not high, as the levels of limited signals are kept ‘constant with 


sufficient accuracy. 
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The main error in phasemeters is the one arising from the level 
variation of the input signals, causing changes in their duration in 
limited circuits, Therefore, the main requirement of the phase~detecting 
circuit is to provide reading of instruments free from the effect of 


possible negligible variation in the duration of input pulses. 


Trigger circuit: Phasemeters, the circuits of which are based 
on triggers with two stable positions, are widely applied in the 
measuring technique. The simplest of these phasemeters is the 
two-channel one with one trigger, providing unambiguous reading within 


one period. 


The simplified block diagrem of the phasemeter with one 
trigger is shown in Fig: 132. Rectangular voltages, obtained as a 
result of preamplification and limitation of input voltages U, and Us: 
differentiate into short triggering impulses, delivered hence to the 
trigger's input. The operating polarity of the differentiated impulses 
may usually serve one polarity, and the other is eithgr sheared off by 
means of one-sided limiter or enters the woe: § without 


affecting its operation. The indicator is cut in between the anodes 
a 


of the trigger's tubes or into the cathode ss die of one of the tube. 
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Fig: 133 shows the impulse diagram of triggering device for 
controlling positive half-waves of rectangular voltages. In one 
condition the trigger sends into indicator current I {other versions 
of the trigger's operation are also possible, e.sge in one condition 
current sent into the indicator is of positive direction, and in another- 
negative). The average current of the indicator is preportional to the 
phase shift. With phase variation from 0 to 360°, the average current 
varies from 0 to rt The short-coming of this phasemeter is the error 
from zero shift in limiters and low frequency range (upto a few tens of 
kilocyecles) and also the error from hysteresis, specific for all trigger 


devices. 


. 
ver , 


Fig: 133. 


Two-cycle trigger circuit: Unambiguous reading of this circuit 


is possible from - 180 to 0° and from 0 to + 180°. It is possible to 


* 


~ &o4 . 


avoid in the circuit the effect of level variations of both the 


Signals on the accuracy of reading in the output devices. 


In as much as the two-cycle trigger circuit has higher 
Q-factors (adequate range of angle measuring, lowest response to level 
Variations of input signals, unambiguity of reading, etc.) it has found 
a widespread application in the measuring technique, including that in 


the apparatus of aerial electric prospecting. 


The simplificd block diagram of phasemeter with two-cycle 
trigger is shown in Fig: 134. Here from the input of limiters-amplifiers, 
the rectangular escillations are delivered to the commutating circuit, 
where the pulses are differentiated and acquire the shape of peaks. The 
starting positive pulses of channel I and negative pulses from channel II 
are delivered from the output of the commutating circuit to the input 
of trigger I, and the starting negative pulses of channel I and the 
positive pulses of channel II - to the input of trigger II. As a result, 
the output voltages of the triggers acquire the shape of rectangular 
pulses, the duration of which is linearly bound with the phase shifts 


of signals at the inputs of channels I and II. 


tpigeer | 
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Trigger’ 
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Fig: 134. 
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The diagrams of voltages and currents for various sections of 
the block diagram shown in Fig: 134, which illustrate the operating 
principle of this phasemeter, are shown in Fig: 135. The output 
voltages of the triggers are subtracted and added to the output 
device. The current transmitted through the device is proportional 
to the phase shift between signals and could be positive, as well as 
negative, when showing the sign of the measurable phase shift. The 
two-cycle trigger circuit is insensitive to level variations of the 
input signals, which could be explained in the following way. If the 
level variation of the signal in channel I causes expansion of 
positive half-waves of output oscillations, the pulses of both the 
triggers elongate. With sinusoidal shape of the signal, displacement 
of zero line leads to zero shifts similar in extent, therefore, the 
trigger pulses elongate uniformly. Hence, their difference remains 
practically invariable, therefore, the reading of the recorder does 
not vary either. Thus, in this circuit, phase shifts are measured 
with the transition of both sinusoidal voltages through zero. Let us 
analyze in more detail the two main elements of the two-cycle trigger 


circuit - the commutating circuit and the trigger itself. 
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The commutating circuit: is meant for an appropriate selection 
of starting pulses, formed out of rectangular by means of differentiating 
chain. In low-frequency phasemeters, the differentiating chain usually 
consists of resistance R and capacitance C, connected in series, to which 


the differentiated voltage, e.g. Us? is being delivered. 


With certain R and C values, the output voltage, taken off the 
resistance (Fig: 136), will be determined by the derivative of the 


input voltage 


BX 

Uaprx ke —i (X.19) 
au. 

= Cc at (X.20) 


If the resistance does not affect the intensity of the current, 


duny 
it may be assumed, that ie l—y— . 


With the input of the rectangular signal with certain finite 
continuation of the front at the moment of voltage appearance, the 
current attains by'a jump intensity a and the condenser begins to 


charge. In measure with the charging of the condenser the current and 


output voltage begin to decrease according to the exponent. 


e ae (X.21) 
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The rate at which voltage U oat decreases is determined by the time 


constant of circuity= RC. 


The differentiating chain builds two pointed pulses of 
positive and negative polarity, which in their time position correspond 
to the forward and rear fronts of the input rectangular voltage. Since 
considerable decrease of pulse amplitude at the output of the differen- 
tiating chain is undesirable, its resistance R is taken in the order of 
several tens of kilo-ohms, or so, that R > R. , where R. = the’. 
in in 
internal resistance of pulse source (in a special case Ri = Ras where 


nh 


Ro - the load resistance of the output stage tube in limiter-amplifier). 


Fig: 137. 
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Fig: 137 shows the diagram of differentiating and selection 


of output pulses in two limiter-amplifiers, ise. the diagram of the 
commutating circuit. Let us trace the positive and negative steepness 
fronts of pulse in one channel of phasemeter through the commutating 
circuit. The positive front at input I unlocks diodes Ds and D, and 


locks diodes D, and Dy,» Elements of the differentiating chain include 


4 


capacitance C, and resistance Ros The differentiated pulse passes 
through divider Ras Res Re and starts the first trigger, cut in to 
point 3. The front of the negative steepness at input 1 locks diodes 


Ds and Ds and unlocks diodes D, and Dy differentiation takes place on 


resistance R, and capacitance Cie The pulse passes through divider 


R5, R, and R, and disrupts the second trigger, cut in to point 4. 


b) 7 


The second half of the circuit (from limiter-amplifier of 
channel II) is activated in the same way. The positive frontat input 


2 also unlocks diodes D, and Ds (C,R - differentiating chain), and the 


2 3 


differentiated pulse passes through divider Rus R R. and starts and 


cae 

Ds and unlocks diodes D, and Dy, (CoRy ~ differentiating chain). The 
pulse passes through divider Ras Re» Re and disrupts the first trigger 
(point 3). Thus, the first trigger starts by the positive starting 
pulse of phasemeter channel I and disrupts by the negative pulse of 
channel II, the second trigger starts by the positive impulse of channel 
II and disrupts by the negative pulse of channel I. Therefore, the 


given diagram assures the required selectivity of the starting pulse in 


matched activity of the two-cycle trigger circuit. 
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Since the calculated @ifferentiating capacities are usually 
of low value, to reduce the effect of parasitic capacitances of the 


pulse selecting circuit, it is expedient to use point diodes D2-E. 


Triggers: belong to the category of change-over devices. 
They generate steep jumps of Ue voltages at any preset moments of 
time ths t. eeceee, fixed by the control voltage, which actuates their 
input (Pig: 138). Triggers are often denoted as starters with two 


stable positions of symmetry, and sometimes also with “electronic 


relays" (82). 


Fig: 138. 


The trigger is capable of changing-over by jumps from one 
position of balance into another every time, when the control voltage 
at its input passes over some fixed levels - the operation thresholds 
of trigger ue The controlling voltage, called the starting voltage is 


most often a pulse or voltage jump. 


Assuming at moment t =» O the state of the trigger was determined 
by symmetry point 1' Osa = U,). With the action of starting voltage 
Fig: 139) of a shape, aS long as the input voltage U. = 
(Fig: 139 ny pe, g e inp eeu sul g Uy 


the point, showing the state of trigger shifts along the bottom branch 
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of the characteristic curve and of Uj my U, (Fig: 139,¢). 


At moment t 


when U_ = U 
s 


4" 


by a jump to intensity U5 jut = U5) and remains almost invariable 


during the whole period of US Ss U 


Ay moment tos when U. = UL .o2 


tr.1’ 


the top branch of the curve. With this, the input voltage increases 


Key to Figure 139;/ 
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the point by a jump passes onto 


the depicting point returns by 


a jump from position 2 onto the bottom branch of the curve and U 
ie} 


decreases to intensity U. 
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Thus, independently of the shape of the starting voltage, 


out? 
has the appearance of voltage jumps (Fig. 139,c). The shape and the 


intensity of Us establish only the emergence moments of voltage jumps. 


The typical ideal starting (dynamic) curve of the trigger 


shows output voltage Ue vs. starting voltage Ps = Us which 


t 
activates its input (Fig: 139,a). The top and bottom branches of 
the curve correspond to the two possible states of stable balance. 
Points 1 and 2 determine the limits of the stable conditions, i.e. 


threshold voltages UL. 4 and U The points of the curve's 


tr.2° 
intersection with the axis of ordinates (1" and 2") determine the 
symmetry state of the trigger, in which it stays in the absence of the 


starting signal (U., = 6). 


The starting curve of the trigger has hysteresis properties. 
This means that two alternating operations of the trigger occur at 
vafious intensities of the starting voltage. The area of the curve, 
confined between its lateral branches, is called the hysteresis area. 


The width of the hysteresis region determines hysteresis voltage 


The quick action of the trigger is determined by the highest 
number of change-over (operations), which it is capable of executing in 
1 sec at constant interval between the pulses. The minimum interval 
of time between two impulses of start, activating the trigger(without a 
break), is called the resolving time of trigger Tee The limitation 


of the trigger's quick action, connected with finite duration of its 


change-over from one state into another, is due to the finite steepness 
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of the starting pulse front, the inertia of some of the non-linear 
devices used in the circuit, and also the effect of parasitic 


capacitances of the circuit. 


The indicated factors determine, on the one hand, the finite 


duration of the change-over of the trigger T » resulting in changes of 


c-o0 
its qualitative state; on the other hand: due to the effect of some of 
the indicated factors, the trigger, after a routine change-over, 
loses,. for some time, gontralability (sensitivity to the effect of 
subsequent starting pulses). The repeat change-over may be effected 
only after some time required for the restoration of the trigger's 
properties. Taking all this into account, the whole process of the 
trigger's change-over from one state of symmetry into another can he 
divided into three stages: start (To), tilting (T,) and restoration 


(t ye 


rb 
The starting stage = initial part of the process, during 

which the trigger, being in the symmetry state (point 1"), under the 

effect of starting impulse is lead up to the threshold of operation 

(to point 1). The procedures in this "passive" stage are unconnected 

(or very slightly so) with the "internal" mechanism of the trigger's 


operation. 
The duration of the starting stage is determined mainly by 


the steepness of the starting impulse front and the time constants of 


the starting circuit and the input circuit of the trigger. 


The tilting stage - active part of the dynamic process, 
developing after the attainment of the trigger's operating threshold, 


which results in the change-over of the trigger. On the starting curve, 
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this stage corresponds to the transition of depicting point from one 


branch of the curve to another. 


The term tilting shows the unstable state of the trigger at 
this stage, as well as the transience of the process development in 


the trigger, which occurs with progressively increasing speed. 


The duration of this stage depends mainly on the inertia in 
the non-linear elements of the trigger, on the time constants of-reactive 
elements, participating in the process of tilting, and on parameters of 
the starting signal. In certain conditions, the process of tilting 
may continue, terminating only with the cessation of the starting 


Signal action. 


The total: duration of the starting and tilting stages determines 
the duration of the trigger-change-over from the position of symmetry 
in one qualitative state into another qualitative state(which may or 


may not be a symmetry state), Too = Ts + Tee 


The restoration stage (includes also transitory stage) contains 
the terminating part of the operating process, as a result of which the 
trigger, being in the new qualitative state, attains the corresponding 
state of symmetry (or a very similar state). The restoration stage 
usually takes place in the absence of the starting pulse. The duration 
of this stage is determined, as a rule, by the time constants of the 
trigger's reactive elements, and in some cases - even by the inertia of 


¢ 
the circuit's non-linear element. 
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In phasemeters of the aerial electro-prospecting apparatus 
the most widely adopted are the triggers, the action principle of which 
is based on the use of properties in amplifiers with positive feedback 
(82, 150). It is well known that in these systems it is possible to 
build up suitable conditions for the formation of voltage jumps. For 
the triggers, the application is mot often of two-tube push-pull circuits 
in the form of two identical amplifiers on resistances interlocked by 
a loop of positive feedback. The circuit of this type of trigger 
is very similar to that of symmetrical multivibrator with grid-anode 
coupling (32, 82, 120, 150). To obtain two states of symmetry, the 
negative bias (twice braked multivibrator)is lead into the grid 
circuit of both the tubes. Application can also be made of two-tube 
systems with cathode coupling and others. For instance, the principle 
of measuring the phase shift with the use of push=pulltrigger circuit 
is used in the apparatus of induction method AERIS and AERI-2. Practical 


application of this apparatus has confirmed the positive qualities of 


these phasemeters. 
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The block diagram of AERI-2 phasemeter is shown in Fig: Tho, 


Sinusoidal voltages (measurable Uy. and comparative ee the phase 
shift between which has to be measured, are delivered to limiting- 
amplifying stages, in which they are amplified and transformed into 
rectangular pulses of a certain amplitude. If the limiter-amplifiers 

are sufficiently effective, the signals at their output should have 

the shape of symmetrical rectangular pulses. Differentiating chains 
convert rectangular pulses of each channel into two pointed pulses 

(of positive and negative polarity), which according to their temporary 
position correspond to the forward and rear fronts of the rectangular 
input impulses (i.e., to moments of transition through zero of sinusoidal 
voltages v, and Vom at the inputs). The commutating circuit, where 

the pointed pulses arrive, distributes them according to sequence and 
polarity and delivers them as starting pulses to the push-pull 

trigger ciréuit (triggers 1 and 2). The starting positive pulses of 

the measurable signal channel and the locking negative pulses of the 

key signal channel are fed to the input of trigger 1, and the negative 


pulses of the measurable signal channel and positive pulses of these 


key signal channel - to the input of trigger 2. 


The output voltages of triggers are applied through the 
change-over switch of the measuring limits to the direct phase reading 
device. By means of the change-over switch, the shunt of the 
appropriate value is cut in to this device. This ensures obtaining 


of the preset limits of phase shift measuring (4 45, z gO and = ABO" Ds 


ae ae 3 


The voltage arrives to the recording circuit directly from the outputs 

of the limiter-amplifier of the key signal channel, phase corrector 

with adjustment limits 25-30°, for rectifying the phase characteristics 

of the channels (zero adjustment of phasemeter), and octant phase-invertor 
with the measuring limits of phase + 180° at 45° (through octant), for 
expanding the recording limits of the phase shifts are set up. The 
commutator at the input of the measurable signal channel permits with 

zero adjustment of the phasemeter the delivery, at both the inputs of 

the circuit, of the same signal (either the measurable or the comparative) 
In this case, the octant phase-invertor should be in zero position, 

and the zero adjustment of the phasemeter is executed by the phase 


corrector. 


The quadrant phase-coverter in the key signal channel with 
adjustment limits 0-360° - discretly at each quadrant (90°) and 
continuously within eadh quadrant - is required for the compensation 


of the phase shifts, generated in the circuits of the measuring unit. 


The line diagram of the phasemeter is shown in Fig: 141. The 
measurable signal, arriving on contact 6 of the plug commutator 
(position 2-4) and transitional capacity Cha to the input of the first 
limiter~-amplifier Ly In position 2 of the switch Pas the measuring 
limit of the phasemeter is ~ 45°, in position 3 and 4 - respectively 
it is = 90°, £180°. ‘The first limiter-amplifier is assembled on 
double triode on a circuit with cathode coupling and cathode load 


devided by direct current. 


me HAD 


The direct current positive bias voltages are delivered from 
divider Ro! Ryos Roze To obtain steeper fronts in the limiter-amplifier, 
Low intensity positive feedback (Reos Cy) is applied. The second 
stage of amplification and limitation bg is assembled according to the 
usual circuit of the limiter-amplifier with cathode coupling. Finally, 
the signal is limited in the third limiter-amplifier Lee The limiter- 


amplifiers of the key signal channel Lg - lio are similar to those of 


the measured signal channel. 


Condensers Coy and Coos cut in to the anode circuits and control 
grids of terminal limiters-amplifiers, make additional improvement in 
the shape of limited signals on high operating frequency. From the 
outputs of the terminal amplifiers-limiters the limited signals are 
fed to the differentiating chain and the commutator circuit (Coa, Cegs 


Roy - Roas diodes D, - Dye 


1 
The triggers are assembled on double triodes Ly and Li, on the 
circuit with cathode coupling and fixed positive bias for the left half 
of the tube (dividers Rg>5 - Rg and Riso - Ry a5? and automatic - for the 
right half. By means of potentiometer Rgz (R53) the bias level, at wnich 
the trigger is tilted is adjusted. The level of the reverse tilting is 


# 
determined by the ny of resistance Roz (Rizo)- 


The output voltage of the triggers is fed to the direct reading 
device of the phase shift. Resistances Ri zhs Rox and Ros determine the 


working current of this device at the first measuring limit of phase 


angles (= 45°). 
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From the anode loads of triggers Roo and R430 the voltage is 
taken off for its subsequent delivery to the recording system of the 
phase shifts. The input’ part of the recording circuit consists of a 
divider (Rize - Ry 399 Coz - Conds symmetric in relation tothe ground 
with high-ohmic input, a three-section RC-filter (Coe - Cons R138 - Rays) 
for adjustment of the time constant and a transformer of direct current 


input voltage into alternate (relay Pi, type RP-4+ and transformer Tr,). 


The wire rheaostat of the recorder is energized from the full-wave 
rectifier activated by voltage 6.3v and assembled on transformer Tr, and 
diodes De 6 with RC-filter (Cogs Rayo? Cag) at the input. The stabili- 
zation of the wire rheostat of voltage is effected by stabilivott Doe 


Resistance Ran6 is stabilizing, R148 - serves to adjust the current 


supply voltage. 


The ends of the wire rheostat through contacts 3 and 6 of the 
socket SHR3(4)-6 are cut in to the source of its supply and to divider 
Ring - Rico? through which the output signal of the phasemeter is 
connected by one pole with the finishing system (wire rheostat), and 
by the other to the transformer armature. The middle point of the wire 
rheostat (contact 5 of the same socket) is connected with the middle , 
point of transformer Tr,. The transformer (relay Py4? is energized by 
voltage 10v with frequency 100 cps. Lio Liz Lay and Las - the electronic 


amplifier of recording with reversible divider RD-09, 
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The key signal through contact 12 of the plug socket SHR3(4)-5 
is delivered to the input of quadrant phase-invertor Lys and hence - to 
octant phase-invertor Los the commutator of the input and on contact 4 


of the same socket for further delivery to the phase-detecting voltmeter. 


In position 1 of change-over switch Fe the key signal is delivered 
to both the channels of the phasemeter, and with "zero" position of the 
octant phase~invertor the phase curve.of the channels is rectified by 
the phase corrector (Cz¢ - Chas Rig)e P, - Pj, ~ the change-over relay 


of phasemeter frequency. Resistance Ry is shunted by big capacitance 


5 
Co and does not participate in the phase-shifting RC chain, but jointly 
with resistance Rng forms resistance to the grid leak of the left half 
of tube Lge The octant and quadrant phase~invertors are both potentio- 
metric; the principle of their action has been discussed in para 9 of 
the present chapter. The cathode repeater on the right half of tube L, 


works for the interstage separation of the octant phase-invertor and 


phase corrector. 


In zero adjustment of the phasemeter proper (first position of 
switch P,) the indicator is cut in only by shunt Ron and its pickup, 
in this case, increases. This provides for a more exact correction of 


the phasemeter's channels. 


Diagrams of phasemeters with phase-detector: In a number of 


apparatuses for aerial electric prospecting, the application was of 
phasemeter, constructed on the principle of phase-detecting. Let us 
analyze the diagrams of phasemeters, developed by FMI AN Ukr. SSR and IRE 


SO AN USSR. 


The phasemeter of AHRA-2 apparatus (FMI AN Ukr.SSR) is meant 
for measuring and recording the phase-shift between the measurable and 
key Signals within the range 0-360°. The diagram of the phasemeter is 
constructed on the principle of follow-up system, that comparison unit 


of which is the FHD. 


The simplified block diagram of the phasemeter is shown in 
Fig: 142. The voltage of the comparative signal US cing arrives at the 
amplifier with amplification factor K = 100, hence to the limiter, the 
output voltage of which remains invariable with the variation of the 
signal at the input from 4 to 50v. The limited comparative voltage, 
being commutating, is delivered through the matching cathode repeater 


KP, to the middle connecting point of dapacitors C, and Cc, of the 


circular balance detector. 


The voltage of the measurable signal ue is delivered to the 
phase-invertor, after which two equal in intensity voltages Us shifted 
in relation to each other at 180°, are fed through cathode repeaters 


KP, and KP, also to the circular detector. 


If ph hift j t 

phase shi cp » exists between the voltage Ne and Vcomp? 
then at the output of the FHD direct current voltage U_, separates 
proportional to preduct Ue cos €D. This voltage passes through filter 


F with variable transmission band (adjustment ‘t’ ) and inthe shape of 


voltage Uk arrives at the recording circuit. 
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The line diagram of the phas:meter, included in the set of 
AWRA-2, is shown in Fig. 143. In accordance with the action principle 
of the phasemeter, its line diagram may be divided into three parts: 
the channel of measurable signal Uys the channel of comparative signal 
U and the channel of controlling signal inthe follow-up system 


comp 


Measurable signal channel: From the output of the selective 
amplifier block the measurable signal is delivered to phase-invertor Lge 
Uniform antiphase voltages UL. are delivered through matching cathode 
repeators Ly and Le to the ring circuit of the FHD. From the output 
of the measuring amplifier block, the measurable signal is also 
delivered through matching cathode repeater Ligs into level control 


circuit of signals U_ and U . 
x comp 


Comparative signal channel: From the output of the selective 
amplifier in the receiver block, the comparative signal is fed to the 
matching cathode repeater Lia? hence it consecutively passes through 
four phase-invertors. The operation of the phase-invertor is based 
on the known RC-circuit of the phase-invertor, assembled on phase-reversal 


stage (see para 9 of the present chapter). 


The first (continuous) phase-invertor Ly allows adjustment of 


the phase shift between the input and output voltages at an angle 


= 20° and serves for the primary setting of the phasemeter in the middle 


of scale (zero). This is done by means of adjusting resistance R.. 


9 


Resistance Rg limits the measuring range of the phase shift. Capacitances 


GL 
3 Ce (commutated by plate SHI 3-1 of the step-by-step switch) serve for 
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for the tuning of the phaseinvertor to one of the fixed frequencies of 


the apparatus. 


Key to’ Figure 142:/ 
a, Amplifier, . 

" Ks 100s/ 
1b, Limiter; » 

ie, Phase 
inverter,- 


“ Vout’ “ 


Fig: 142. 


Phase-invertor Loa: which provides for adjustment of the 
phase shift between the input and output voltages within 0-36° by jumps 
at every 30°, serves for changing-over the measuring range of the 
phasemeter (the commutation is carried out by means of relay P,-Pg and 
the plate of step-by-step switch SHI 3-2). Phase-invertor boy produces 
constant phase shift of 90° between the input and output voltages and, 
jointly with matching cathode repeaters | and Lay? serves to: energize 
the wire rheostat Ro The wire rheostat with limiting resistances Ry 


forms the circuit of continuous graduated phase-invertor to an angle 


of P= 60°, 


ails 


Voltage uaa? taken off the rheochord arm, is fed to limiter- 
amplifer Lys Les Amplifier Ly of this unit has the amplification 
factor K = 100. The frequency characteristic of the amplifier is 
linear within frequency range 200~2000 cps. At the output of Lg 
limiter a rectangular signal (pulse) with amplitude of about 30v is 
emitted and, practically independent of voltage Uo fed to the input 
of the comparative channel input. Through the matdhing cathode 
repeater Le the output voltage of the limiter, now as comnmutating, is 
delivéred to the ring circuit of the FHD, to assure its operation in 


the key method. 


Fig: 144, 


Control signal channel: At the moment.of the follow-up system, 


discrepancy at the output of the FUD appears direct current voltage 


U_, which is filtered by low frequency filter (Dr. Caos Cho) and 


~ AQ . 


delivered to the two-component = shaped filter (RestRoos Cyy~Sys) with 
variable transmission band for the control of the time constant in 
recording. The filtered voltage U_ is fed to vibrotransformer VP, which, 
jointly with the input transformer Tr, of the phase recorder amplifier, 
serves to transform voltage U_ into proportional alternate current 

voltage U, The excitation winding of the vibrotransformer and the 
reversible motor of the follow-up system of the phasemeter are 


energized from transformer with frequency f = 125 cps. 


The composition of the phasemeter in the BDK apparatus developed 
by IAE SO AN USSR (Fig: 144) includes a circular balance detector, 
assembled on semi-conductive doides (D101), limiters of comparative 
and measurable signals, a low-frequency filter and recording circuit 


(not shown in the figure). 


The comparative signal, arriving from the multivibrator, is 
limited by means of basic silicon diodes (D809), amplified by the right 


half of tube L. to 30v and to the FHD through the cathode repeater 


9) 
left half of tube Lee 

For efficient limiting of the measurable signal, three limiting 
stages are applied. The first stage - limiter with cathode coupling 
L, with limit threshold 5v - protects subsequent stages from overload 
and related distortions. The second and third stages are assembled on 
tube L, with diodes cut in to its anode circuits. The output sipnal 


of limiters is fed to phase-inverting circuit L and then through the 


3? 
matching cathode repeaters L, - to the symmetrical input of the ring 
detector. The direct current output voltage from the FHD output arrives, 


after filtering, at the input of the recording circuit. 


With the perfection of methods and apparatus of aerial 
electric prospecting the need for raising the accuracy of measuring 
and recording the phase is felt. One of the comparatively easy methods 
for reducing the error of reading and expanding the measuring range 
of the phase is the application of subtraction circuit SV at the FHD 
input. Fig: 145 shows the block diagram (a) and vector diagram (»b), 


explaining the operating principle of this phasemeter-recorder. 


The subtractor circuit receives two signals - ie and U. (after 
the phase-invertor F); to ensure normal stable operation of the follow-up 
system one signal should be slightly high or than the other. For 
instance, signal > is taken higher than he at the moment when the 
phase shift Pp = 0, we will have at the SV output signal A U, which 
is in phase with sirnal ae Yith the anpearance of a slight phase shift 
there is generation of voltageAU', the projection of whichAU is the 
Signal controlling the action of the follow-up system UP and RD. By 
means of this system, the turn of vector Ue is carried on until the 
projection, becomes zero, iee-, until at the SV input voltageA U 
becomes fixed or there is no = 0. The phase is read off the 


graduated phase-invertor F. 


The advantage of this phesemeter is that besides the expansion 


Ue 


—=j independence of 
[Uo 


phasemeter reading from the instability of tne FHD circuit is also 


of the measuring range by selection of ratio 


achieved, zero drift of which circuit has practically no effect on the 
operation of the follow-up system. Experiments have shown that with 
this circuit of the phase recorder it is easy to obtain error in phase 
reading 3-5' (on fixed frequency), whereas in other systems of phase 


reading the errors are about 4=2° (894 94). 
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In the USSR apparatus for aerial electric prospecting, the 
phase-meter recorders are similar to those described above; no informa- 
tion is available about the phasemeters used in the apparatus of 


foreign firms. 


Ve Measuring of components, their sum and difference: 


Orthogonal components of the signal received by the field 
detector (active and reactive components) cold be measured compara- 
tively simply by the phase-detecting voltmeter(FHD), based on the 


phase-detecting circuit. 


The simplicity of the FHD circuit, specially of ring-shaped 
on semi-conductive diodes, and their high meterological qualities are 
the reasons for their widespread application in measuring instruments 
of electric prosvecting apparatus, including the circuits of 


phase-detecting voltmeters. 


The standard block diagram of the phase-sensitive voltmeter, 
included in the set of aerial electro-prospecting apparatuses, is 
shown in Fig: 146. The FSV consists of the channel of measurable 
Signal Uys the channel of the comparative voltage Veomp’ the phase- 


sensitive detector and the recording circuit of component CPK 


(I += indicator). 


The measurable signal Ue arrives at the cathode repeater KPly 
which matches the input resistance of attenuater A with the output 
resistance ofthe proceeding stage. Hence the signal is delivered to 
amplifier YC, for raising the level of the measurable signal and the 


anplification factor could be controlled within certain limits. To 
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the amplifier YC, is cut in phase-invertor FI, assembled on a circuit 
with = separated load, from which paraphase voltages of the signal 

are delivered to cathode repeaters KP., and KP ss and hence - to the 
circuit of ring-shaped FID, to the output of wnich the device of 
direct reading (or indicator) of the measurable component value 


(92) is cut in. 


arrives at phase-invertor FI 


The comparative voltage U5 


mp 2 


from the phase-shifting RC-chain FV, which turns the phase of the 
comparative voltage at 90°, which is required to make the measuring 

of the reactive component of the measurable signal possible. After 

the phase-invertor, the comparative voltage is delivered through 

and hence - to amplifier-limiter 


cathode repeater KP. to amplifier YC 


3 2 


YO, from the output of which the rectangular voltage arrives through 


cathode repeator KP), at the FHD circuit. From the FHD output the direct 
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current voltage is delivered through the time constant switch P to 


recording circuit CPK. 


The rectangular voltage is required for FHD operation in 
the key method, which assures the best stability against noise and 
linearity of the circuit's reading (101). For the limiter-amplifier, 
it would be expedient to use cathode-anode limiting; to obtain 
symmetrical to zero line limited signal and improve the stability 
of the circuit in the amplifier-limiter the reverse feedback should 


be on direct current (43). 


The sum or difference of the reactive components of signals 
with two different operating frequencies (see para 3 of chapt.V) may be 
measured by the differential phase-sensing voltmeter (DF4IV). The 
voltmeter is a two-channel one, the circuits of channels are similar 
to the circuit of the ordinary FHD. In construction, the DFHV should 
have a minimum number of elements, i.e., if the apparatus contains 
FHD for the separate measuring of components in the signals of two 
different frequencies, the DFHV should have only those nodes of 
phase-sensing voltmeters as functional, which assure obtaining output 
voltages proportional to the corresponding components of the measurable 


Signals, addition or subtraction of which is effected in DFHV. 


It should be mentioned that to remove the interaction of channels 
with dain anweue measuring of the difference (sum) of components by 
neans of two FHD, the DFHV circuit is sometimes made more convenient 
without galvanic coupling with the FHD detectors of individual channels, 


In this case, DFHV has a separate circuit of differential detectors, 


operating continuously on one common load, 
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The block diagram of DFHV, shown in Fig: 147 may serve as an 


example of this. 


The diagram has two channels. Channel I is fed sinusoidal 


voltage U, of f, frequency, channel ITI - Ul of f, frequency. The UL. 


1 
voltage arrives at phase-invertor FI, by means of which two voltages 
of equal amplitude are obtained, but shifted at 180° as required for 
the FD operation. These voltages are fed to the FHD through cathode 


repeaters KP, 
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Fig: 147. 


To comparative voltage Veomp of f, frequency is taken off the limiter of 


the FHD block channel I and is supplied through the cathode repeater to 


the phase-sensing detector of the first DFHV channel. The J and U 
x2 compec 


are delivered in the same way to channel II. 
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The FHD outputs are dut in to subtracting circuit CB. Addition 
or subtraction of signals in the measuring of the sum or difference of 
components is effected by changing the phase of FI phase-invertor output 
signals in the second channel of DFHV by 180°(by means of the change-over 
switch P). The same thing may be obtained by changing, for instance, 
polarity of one of the signals of opposite to the FHD. The sum or 
difference of components is controlled visually by the direct reading 
device I, cut in at the output of the subtraction circuit and is 


recorded by the recorder. 


By means of the phase-detector, the component may be measured 
in volts. With the use of the FHD it would be expedient to measure 
the sum or difference of components in relative units and, during the 
interpretation of results, to convert the obtained values into absolute. 
As in the ieecutins of components separately, so in the measuring of 
their sums or differences there may be positive and negative values. 
Therefore, the direct reading device and DFHV recorder must have the zero 


in the middle of the scale. 


‘a 


In measuring the sum of components, the input voltages of 
Signals with frecuencies f, and Pos measurable by separate FHD, should 
be such that their sum would not exceed the extreme digit of the DFHV 
scale. However, an excess during measuring is quite possible. Therefore, 
to avoid the off-scale reading of instruments, the DFHV should be 
provided with several measuring limits or with changing scale dial 
divisions. On the contrary, measuring the difference of components, 


more sensitive limits are required than for each FUD individually. With 
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this object, the DFHV is provided with several limits of measuring and 
recording, less and more sensitive than for the individual FHD (e.g., 
0.53 1; 2 and 4 times). And if the scales of DFHV and FHV are identical 


3 
in dial divisions, then for the convenience of the mark on thediagram 

tape of DFHV recorder, the measuring limit is denoted as "1:1". But if 
the scale of dial divisions of DFHV is half that of FHV, the first scale 
is denoted as '1:2" and so on. This type of DFHV circuit has been applied 


in A@RI-2 apparatus (127) (Fig: 148). Since both the channels of D?FHV 


are practically identical, let us take the work of only channel I. 


The measurable voltare, preamplified in FHV block, arrives 
through contact 12 of the plug socket SHR 1 on the grid of tube L, 
of the phase-invertor, assembled on the circuit with separated load. 
The voltage from the anode R, and cathode Re resistances of the 
phase~invertor is delivered through separating capacitors C, and Cy onto 
the control grids of cathode repeaters L, and Ls» meant for matching 


the phase-invertor with thering-shaped detector, and hence, through 


separatins capacitors Co and Cras is fed to the phase-detector,. 


The comparative voltage is delivered through contact 10 of the 
plug socket SHR1 to the grid of cathode repeator L, and hence - the 
middle connection point of capacitances Ce and Cy of the FHD. For the 
filtering of comparative voltage, the output portion of the detector 


is connected with the filter, consisting of bifilar throttle valve Dp, 


and two condensers - C4> and Case 
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Channel II operates in the same way. However, here the outputs 


of phase-invertor L, are cut in to switoh Pi» by means of which the 


2 
output voltages may change their phase by 180°, 

The outputs of ring-shaped detectors of both the channels are 
connected parallel on direct current. The direct reading device of 
the measured quantity, cut in to the output, will show the sum or the 
difference of the components, depending on the position of switch Pas 
In the position "components sum" the polarity of the output voltages 
in ring-shaped detectors is similar and they are added; in the position 
"difference of components", the polarity of the output voltages is 


different and they are subtracted. 


Sy means of switch Par at the output of DFHV, connection is 
made of one of the four resistances Res - Regs which serves as a shunt 
for the direct reading device and the recording circuit. This provide 


variation of limits of measuring and recording. 


In position 1 of switch Pz the DFHV scale corresponds to FHV 
scale (1:1); in position 2 ~ twice less sensitive than the FHV scale 
(2:1); in position 3 - has double sensitivity of FHV scale (1:2); in 
position 4 - four times more sensitive in comparison with the FHV scale 
(1:4). As mentioned, scales 2:1 and 1:1 are used in sum measuring, and 
1:1; 1:2 and 1:4 in measuring the difference of the components. In 
range 1:1, the scale of direct readings device and of the recorder has 
divisions 100-0-100, Hence it follows that in range 2:1 it will have 
aS though 200-0-200 divisions and in the range 1:4, respectively, 


25-0-25 divisions. 
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The recording. circuit of DFHV is similar to the FHV circuit. 
At the input of the recording circuit is cut in a two-sectional fT] 

R i - | - - Cc for varying the 
Shaped RC filter Reo Roos 29 and Ros Ro6: 338 r ying 
width of the recorder's transmission band, the resistance change-over 


of which is carried out by switch Pye 


The rheochord’is cut in to block through contacts 5, 6 and 7 
of the plug socket SHRi. The vottage on the winding of relay RP-4 
arrives through contacts 71 and 8 of the same socket. Energizing of 
the rheochord is form a full-wave rectifier with valves DGG-27, the 
filtering of rectified voltage by [TT -shaped RC-filter Chor Rgos Cas 


and stabilization by silicon stabilitron D808. 


Resistances Rog and Rog form the middle voint of the rheochord 
connection (on direct current) to one output pole of the ring-phase 
detectors. The second pole is connected with the middle point of the 
rheochord through the resistance of RC-filter and the mobile contact 


of relay RP-4, 


For rectifying the intensity of the input voltages ue and ULs 
provision has been made for rheostats R, and Ro¢ in the anodes of 
phase-invertors, Balancing of detectors is implemented by resistances 


Rag and Rye 


8. Measuring amplitude ratio of two voltages: 


In aerial electric prospecting, as a rule, relative measuring 


of two signals is carried out, received either by two field detectors 


with a simultaneous two-frequency survey, or by two reciprocally oriented 


field detectors in one-frequency survey (in the apparatus of induction 
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method, VMP and linearly polarised field in the investigation of natural 
fields, etc). In these cases, it would be expedient to measure the 
amplitude ratio of the received signals, which permits interpreting suffir 
iently logarithmic the results of geophysical investigations. for 

this purpose, it is possible to use quick~acting logometric compensation 


systems and special electronic devices (171, 188, 196). 


The (104) describes the method which permits measuring the 
ratio of various combinations of two voltages. The principle of the 
method lies in converting two direct current voltages (or two previously 
rectified alternate current voltages) into alternate current voltages and 
their quadrature adding with subsequent measuring of phase angle between 
the total vector and the vector of voltage, executing the transformation. 


Let us analyse this method in more detail. 


Fig: 149, 


Two vectors are present of voltages: U, 7 Wan Sin @t and 
Uy = Us, sin (Mt + cp ), lying at random angle pf to each other 
(Fig: 149,a), After the rectification of each voltage separately, we 


obtain two direct current voltages: OES Ky (U,) and U5 = k, (U5), 


= 436 = 


proportional to moduli of voltages U, and Us. Subsequently, direct 
current voltages convert into alternate on frequency CO, with 
simultaneous turn of one of them at 90° angle (Fig: 149,b). At the 


output of the modulator there will be again two alternate voltages, 


generally of different frequency shifted at 90°, i.e. 


Ga 
| 


= k,k,U, sin (cots ¥ | = kjk, cosWMpt; (X.22) 


Ge 
0 


F . 
pe x k,U, sin OO, +t, 


where ks - the transmission factor of modulators. 


As a result of adding two quadrature voltages ve and Us_s we 


get resultant (third) voltage 


re as kj kok, U, cos t,t + U 


[2 2 a 
= kj kok, ao, sind ot + arctg Bex (X.23) 


where k, ~ the transmission factor of summator circuit. 


2 Saco 7 


, U i 
Voltage ue is shifted at angle 8 = arctg m in relation to U, a 
ad : 2 ~~ 
or, which is the same thing, in relation to the vector of voltage, 


controlled by modulators. 


2 hy 


Measuring by any nhasometric system the phase shift between 
the ultimate voltage and of the then converted one, it is possible 
to determine the amplitude ratio of these signals. Since the 
indications: of phasemeters are independent of the implitudes input 


Signals, the scale of the phasemeter could be graduated directly 


in moduli ration of two voltages. 


A block diagram, serving to measure the moduli ratio of two 
voltages of one frequency, as wcll as of two frequencies, is shown 
in Fig: 150. It includes two amplitude detectors AD, and ADs) two 
modulators M, and Mos controlled by auxiliary voltages Ue and ju, 
with frequency, generated by the commutating voltage generator GKN, 
summation S and phasometric FM circuits. The modulators are controlled 
by voltages in quadrature; therefore, the voltages at their outputs 
will also be in quadrature. Addition circuit could be the tube cascade 
or (in simplest case) active resistance, through which currents are 
transmitted shifted at 90°, The modulators could be energized by one 
and the same voltage with subsequent turn in phase at 90° of one of the 
transformed voltages. In the ratio determination of two direct current 


voltages there will be nd amplitude detectors. 


An important condition for the normal operation of the system 
is the high accuracy of quadrature between the voltages controlling 
modulators, and also the application of phasemeters of higher accuracy 


the measuring error should not exceed 0.5-1.0° (24, 457. VAb Ds 
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Since ordinarily the pickup of phasemeters is close to zero 
with measurable angle 6 +0 or & 180°, it is expedient, in presetting 


possible values of the measurable ratio, also to choose the phase of 


the comparative voltage of the phasemeter. For instance, the diagram 


shown in Fig: 150 is convenient for measuring on the condition that 


U U 
= > 1. But <1, then for the control of the phasemeter it 
2 ” 


would be more convenient to feed tne comparative signal ju, 
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Measuring of the amplitude ratio with higher accuracy could 
be carried out by means of a circuit, operating on the commutation 
principle (232, 234) (Fig: 151). The distinctive feature of this 
circuit is that the measurable voltages UL and ue are not compensating 
each other. With the help of the commutation method, the difference 
is measured of moduli A U = (UY) - (U,) of signals U, and U, ana 
phase shiftA P= Puy - Py, between then. In this case, the 
measurable difference of woduli A. U is equivalent to their ratio, i.e., 


quantity A==. 


Difference aA U is produced by means of the electronic commutator. 

which connects to the input of the amplifier with filter f voltages U, 
and u, alternately. The change-over frequency f, of the commutator is 
preset from the individual generator. The detected signal arrives at 

the input of the amplifier with filter, tuned to commutation frequency 

fos and from its output in the form of an envelope with frequency fo 
arrives at the phase-detector, which also operates on frequency a (the 
generator supplies comparative voltage Ueomp?* At the FHD output, 


amplitude recorder A is cut in a device with zero in the middle of the 


scale, The increment sign ofA U is determined by the FHD circuit. 


The phase shift between the voltages of ae and U, Signals is 
measured in the second channel. The amplifier and limiter impart to UL 
Signal an almost rectangular shape. This signal arrives at the circuit 
of the second FHD, which receives on signal frequency f comparative 


voltage U from the anplifier of U, signal. From the output of FHD 


comp 


voltage, proportional to phase shift Ach is supplied for recording to 


phase recording circuit. 


= 44O = 


The commutator voltage curves are Shown in Fig: 152. When 
anplitudes of comparative signals UL and U, are equal, the envelope of 
voltage U at the output of the detector will be almost a straight line 
(Fig: 152,4). If U, = U, the U voltage is step-shaped, as shown in 
Fig: 152,b, and, by means of the selective amplifier, it is possible 
to separate from it the first harmonic of commutating voltage: with 
frequency fo iee., Signal A Ut, the intensity of which is proportional 


{U 
to difference (U,) - (U,) or ratio re (Fig. 152,¢c). 
z{ 


9. Phase-shifting circuits and phase-inverters: 


In phase measuring and in measuring by means of the FHD, the 
important elements of units in the apparatus of aerial electric 
prospecting, besides the phase-shifting and phase-inverting chains, are 
the phase-inverters with the measuring range of phase shift from 


0 to 360°. 


~ kha 
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Fig: 153. Fig: 154. 


The most popular and convenient for obtaining and controlling 
the phase shift within a small range is the circuit, which is a 
combination of active R and reactive x resistances, connected in 
series. The latter is usually the condenser of constant or variable 
capacitance C. For instance, the elementary chain, shown in Fig: 153, 
is the simplest circuit for obtaining phase shift upto 90°, Analysis 


of the given chain shows that by varying the ratio of its elements 


within limits from x = Rtox < R (x ) it is vossible to vary 


ro 
the phase shift between voltages at input (U) and output (Up) of the 


circuit from 45 to 0°. 


If the RC-chain is cut in according to the diagram shown in 
Pig. 154, then with variation of ratio between resistances R and x in 
the same limits, the phase shift between voltages at the input and 


output of the circuit varies in the interval 45.90°, 
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By conforming to condition x = R the phase shifting chains 
(see Fig: 153 and 154) make it possible to obtain additional phase 
shift z 45? without an appreciable reduction of the output voltage. 
But if R > x (see Fig: 154), the phase shift between voltages at 
the output and input of the circuit will be close to 90°, but then 
the voltage at the output will be considerably lower than the voltage 
at the input and will vary during the adjustment of R.~ Moreover, the 
circuits, similnar to those shown in Fig: 153, 154, do not have 
sufficient linearity and it is difficult to use them as graduated 
linear phase-inverters. Nevertheless, the chains are widely applied 
in composite phase-invertors, meant for changing the phase shift 
within a wider range (e.g. upto 180°). Combination of chains with 
phase-invertors, providing phase shift at 180° and assembled on 
electronic tubes or semi-conductive triodes, enables the shifting 


of phases in an easy way by 360° (10). 


Ee 
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Fig: 155. Fig: 156. 


To obtain a phase shift of 180°, the use ts often made, 
besides the phase-invertor, of the transformer, the secondary winding 
of which has either a middle branch (Fig: 155,a), or an artificial 


middle point (Fig: 155,b). 
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Phase~-invertors, which permit changing smoothly the phase 
of being lead-in voltage within a range of upto 180°, usually consist 
of adjustable and constant active and reactive pegistances, cut in on 
the bridge circuit (Fig: 156). Investigations show that the nature of 
voltage variation at the output of this phase-invertor, with the 
adjustment of phase shift, is determined by the ratio of resistances 


R, and Ro- At = 1 voltage amplitude at the output of phase- 


« 


invertor U., with adjustment of phase by variation of resistance R 


2 


remains constant and equal to half the amplitude of input voltage U,- 


In this case, the phase ansle op is determined from formula 


en 
C= arctg a —s (X.24) 
-n 


where 


From formula (X.24) it follows that at n = 1 the phase shift, 
generated by the phase-invertor, is 90°, and the extreme n values (zero 
and infinity) correspond to phase angles 180° and 0. Phase shift over 
180° is most simply obtained theoretically with step-wise connection of 
phase-invertors, aS a result of which to phase shift of, of the first 
phase~invertor is added phase shift p of the second and so on. However, 
it is difficult to carry this out in practice, since it is necessary to 


take into account the interference of individual phase-invertors,. 
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Potentiometer phase-invertors should be considered the most 
acceptable for operation on frequencies of aerial electric prospecting 
with adjustment of phase shift within the range 0-360°. Their main 
advantage is that they are free from transitional processes and are 
easily shielded. The disadvantage is the difficulty of assembling 


phase~invertors with low error of phase angle reading. 


The base of the potentiometric ‘phase-invertor contains a 
closed circular potentiometer with linear winding, at four points of 
which voltages are supplied from individual phase-invertors shifted in 
‘phase with respect to each other at 90° (Fig: 157,a}. By moving the 
side along the potentiometer it is possible to change smoothly the 
phase shift of the output voltage within limits 0-360° (10). The 
equivalent circuit of one quadrant = of potentiometric phase- 


invertor is shown in Fig: 157,b.e 


Fig: 157. 


Applying the principle of superimposition, output voltage is 


determined from this formula (220) 
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Mie 
ze Se cod 
U = sint)t + cost t (X.25) 
BoIxX Fu zx 
2 2 
Denoting 
i: & 
9) e 72 
—— =A sinep, =Acos P, 
se c.8 
2 2] 
we obtain 
Vaprx = A sin (ot + Pp), (X.26) 


The modulus of this formula 


(X.27) 


and phase 


“P= arctg ———— (x.28) 
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Analysing formulas (X.27) and (X.26), we will find that 
within one quadrant the phase angle varies from 0 to 90°, and the 
output voltage (modulus), varying slightly, passes through its minimum 
value, corresponding to the position of the slide in the middle of 


the potentiometer (0=45°): 


- _ BX (X.29) 


BbIX.MNH 
V2 


A= JU 


Parameters of other quadrants of the potentiometric phase-invertor are 


determined in the same way. 


Potentiometric phase-invertor could be made not only in the 
shape of circular locked potentiometer with four feeding points, but 
also in the form of four resistances equal in value (three constant, 
and one adjustable), connected in series. The constant resistances 
form three discrete phase quadrants, and the adjustable - an even 


phase quadrant (Fig: 158a). 


wo 


i ‘ 

i eee ae “hase ‘Shift civcuit; 
a, Phase inversion cascade; b, Square phase SNitt CIECUIN 
c, Phase inversion cascade.--— 


Fig: 158. 
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In order to obtain with one adjustable resistance the control of the 
phase shift within the limits O - 360°, phases of voltages feeding the 
rheostat phase-invertor should alternate. Provided for this is a 
special phase-invertor circuit (Fig: 158,b) and four-arm change-over 
switch for nOsienonS (Ghia: 158,a). In this way, the output of the 
circuit has phase shift within O - 360° dy jumps over each quadrant 


(0; 90; 180 and 270°) and evenly (0-90°) within each quadrant. 


For a more even and exact settins of the phase shift in series 
with the main adjustable resistance, an additional one is switched on, 
the value of which is usually 0,71 R. However, it should be kept in 
view that the cut in of this resistance increases the intensity of 
the output voltage, as compared to that obtained from formula (X.27), 


since the electric symmetry of quadrants changes. 


Apparently, the greater the length of the active part of 
adjustable resistance, the more convenient and accurate will be the 
adjustment of the required phase shift. The choice of high-value 
resistances of the potentiometric phase-invertor (several tens of 
kilo-ohms) is useful for low shunting of load in the phase-invertor or 
transformer, and also for reducing power consumption by the 


phase-invertor. 


Step-wise variation of the phase shift, at every 48°(octants) 
within 0-360°, may be effected also by means of quadrant potentiometric 
phase~invertors. This is done by dividing each of the four resistances, 
forming tne locked potentiometer, into two equal parts. A block 


diagram of such an octant phase-invertor is shown in Fig: 159. 
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With an appropriate comnutation, the voltage at the output 
of the phase-invertor (between the ground and points 1; 2; 3; 4; «-e) will 
vary in the phase by jumps at 45°, At point 8 the phase shift will 
attain 315°. 

The error of the potentiometric phase-invertor is determined 
Mainly by the accuracy in selecting arms resistances of locked potentio- 
meter and may be not ever 1% for the octant or quamfrant. 


Another type of low-frequency phase-invertor, enabling us to 


obtain even the phase shift of signals within 27 , is the phase-invert.r 


with rotating transformer (for example, VIM type). In this phase-invert.r 
the phase shift depends on the angle of rotation of the revelving 


transformer rotor. 


] 
Key to Figure 159: 
,2, Squaring phase 
converter 
| circuit; 
b, Phase inversion 
eascade; 
c, Phase inversio 
cascade, 
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One of the diagrams of phase-invertor with VIM is shown in 
Fig: 160 (160, 161). Here the input signal U,, is fed to the rotary 


winding. Voltages on reciprecallyperpendicular stator windings are 


written as 
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e 7 U, cos G Jat, 


= royt 
e5 = US sin G3 GOA, 


ss 
where O = the angle of rotation of VIN rotor; &) - the angular 


frequency of the input signal. 
If R, = Ry = R, C, = Cy = C and for a certain part of signal 


we have R = with amplitude partly of voltages on stator 


a eee 
Wat ’ 
windings CU, = US = UA and when oO RC, = @R,C, = 1, then for the output 


Signal we get 


Un Sta tf : r 
U “een O - ‘Sf 
BbIX ~ 75— + 7 
2 * 
J 
ze ba) 
OYt+ & - } 
F UF ( ey 
= e (X.30) 
Ye 


From formula (X.30) it follows that the vector of the output 
voltage is shifted in the phase relating to the vector of the input 
voltage by an angle H- a i.ee, the phase shift of the output 
voltage, with appropriate selection of phase-invertor parameters and 
a certain initial setting of its scale, is proportional to the angle of 
rotation of the VT™M rotor, and the amplitude of this voltage does not 


depend on the rotgr's rotation. However, if W + &),or phase-invertor 
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parameters are not precisely matching, there is an error in the 
setting of phase shift and the amplitude of the output voltage 


depends on the angle of the rotor's retation. 


A diagram of phase-invertor with VTM, in which the error due 
to the inequality of stator windings parameters is somewhat lower, 
is shown in Fig: 161, As distinct from the diagram, shown in Fig: 160, 
in this one the voltage U,., is taken off the active divider Roy R, 


and from the connection point of resistance R, and condenser O,- 


Fic: 162. 
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The presence in the phase-invertor with VIM of two RC-chains 
complicates the diagram and its tuning, however, this phase-inverter is 
Simpler to make, more reliable in operation than the potentiometric. 
Moreover, it has the advantage of unvarying amplitude of the output 
voltage Ue with variations of the phase-shift at fixed operating 


frequencies. 


When the use of standard automatic potentiometer is made as 
phase recorder then the adjuotable element of the phase-invertor should 
be its rheochord. In this case, the most convenient the diagram are .those 
in which the. rheochord is grounded and has low resistance (upto 1 = 2 kohm 
A diagram of such a phase-invertor, plotted on RC-chain and phase-invertor 
on semi-conductive triode Ths is shown in Fig: 162. The adjustable 
element is the rheostat Ros the voltage amplitude at which (at point F) 


may vary from 0 to (U)- 


The vector diagram, explaining the operating principle of this 
phase-invertor, is shown in Fig: 163. To obtain linear relation of the 
phase to the arm of resistance R the output voltage Uout is taken off 
not from point B, as usual (90), but from point IE. With total change 


in the position of arm F from 0 to D angle @ varies from the position 


, or by angle 2 @. The 
R, + R 


of vector E, F;, to the vector position iF, 


magnitude of the angle depends on the cHosen ratio and Ro/Rz- 


CC 
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Fig: 163. 


Resistance values, with adopted value of capacitance, known 


frequency and preset variation of 2@ could be determined from formulas 


1 1 


2 We 3 Aye sin 2¢ 


The maximum error of deviation from linear scale AK is determined 


from ratio 


1S, 


te 056g 
wR KuaKe = + 0.56 + rs (X.32) 


and 


as 
( 
v 
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R. value in the diagram, shown in Fig: 162, is determined by 


k 
parameters of rheochord Re (2, my R,)s This rheochord is usually 


brought out into the phase-recorder block. 


A diagram of phase-invertor at four fixed frequencies, assembled 
on electronic tube, is shown in Fig: 164. The selection of one of the 


four frequencies is made by the connection of appropriate capacitance 


(C, - Cy). 
10. Remote control of field detector and vreamplifier: 


In the apparatus of aerial electric prospecting, field detectors 
and preamplifiers are either brought out into the outboard gondola, or 
placed directly outside the aircraft at some distance from the aircraft's 
personnel. Therefore, the control of the operating frequencies of the 
receiving channel (of field detectors and preamplifiers) and the 
checking of its efficiency are carried out at a distance, which, of 
course, considerably reduces the non=productive consumption of flying 


time and simplifies the work of the operators. 


If multicore cables are used for electric coupling of the 
receiving channel with the measuring unit, the scheme of remote control 
is not complex and, hence, is of no interest for an analysis. ‘ith 
the letting out of the gondola on wire, cable with a limited number 
of current-carrying cores (e.g. three cores and casing) the diagram of 
remote control becomes much more complex. This kind of diagram has 
been used in the apparatus of the induction method (AERI-2) and the 
BDK method (ABRA-2). Let us analyze in more detail the operation 


control diagram of the receiving channel in AERI-2 (127), 


Position 


= 
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The retuning of field detectors from one frequency to another, 


as well as control operations, connected with the commutation of the 


gondola amplifier input, are executed remotely from the block of 


stabilized rectifier of the gondola amplifier, which, jointly with 


other units of apparatus, is set up in the plane cabin. The line 


diagram of the gondola amplifier (see Fig: 117) shows the circuits 


and their elements, participating in the above operations. 


Remote control and the required commutation of elements in the 


input circuit are effected by means of the usual step-by-step switches 


SHI-114 for 12 positions and small-scale relays type PCM. A ddscription 


of the operations, which are executed 


the step-by-step switch of the 


gondola amplifier in ASRI-2, is given in Table 20. 


4? 


Decoding of Operations. 


: i 

of Switch y Channel I j Channel 
4 243 cps 974 cps 
2 243 cps 1949 cps 
3 243 cps 3898 cps 
4 487 cps 1949 cps 
5 487 cps 3898 cps 
6 974 cps 3898 cps 
? KeZe kez. 

8 KeZe CeCe 

9 keZe k.l.b. 

6) kel.b. KeZe 


Receiption of signal or calibra- 
tion of field detectors on the 
indicated frequencies. 


keZe - input short-circuited 

(at common minus). 

e.c. - input short-circuited per 
alent of field detector, 


kalebe - calibration of 
amplifier. 


N.B: 12th position is used for checking synchronism of the StePpipy-steép 
switch in the gondola amplifier and indicator operations of the 
stabilized rectifier block. 
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The explain the interaction of elements in ne’ Hote control 
system, Fig: 165 shows the diagram of change-over and delivery of 
pulses, feeding the winding of the step-by-step switch in the gondola 
amplifier. 

The voltage of received signals of operating frequencies is fed 
to the separating filters of compensators in both the channels through 


condenser Cc, cable core, Contacts ¢ and 3 of Kn button controlling 


9! 
step-by-step switch and fitted in the stabilized rectifier block of the 
gondola amplifier. The winding of finder SHI, of the gondola amplifier 
is not connected with the amplifier input in its operating conditions, 


since relay Pi, is energized from the anode circuit of the gondola 


amplifier and its contacts are unlocked. 
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- eae a Key to. Figure 165; 
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Fig: 165. 


' 


With the pressing of Kn button, contacts 2 and 3 unlock and 
the inputs of the separating filters are cut out. The power supply 
voltage of the amplifier (+ 120v) is fed through the contacts of 
double-finder SHI, (indicator of synchronous operation of finder SHI.) 
to the winding of relay P, which, by operating, breaks the supply 
circuit of voltage into the gondola amplifier. Relay Pag of this 
amplifier becomes de-energized and connects by its contacts finder SHI, 
with the signal core of the cable, to which, through the winding of 
finder SHI,, contacts 4 and 5 of Kn button and resistance Ry (damping), 
voltage is fed + 150v. In this case, both the finders operate 


Simultaneously, shifting their brushes by one step. 


If the button is released, the finders fix their new position 
and the original circuit is restored. When the button remains pressed, 


onto the winding of the finders a routine feed pulse arrives, after they 


move by one step, after which the finders move another step and so on, 
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7 Key to Figure 1667 
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Since the shifting of brushes is only possible in one direction, with 
continuous pressure of the button through twelve steps of the finder, 

the cycle is repeated. Connection in series of finders SHI, and SHI, 
provides for a reliable synchronism of their operation. The position 

of brushes of both the finders is controlled visually. Brushes of SHI, 
finder have an arrow attached, which shows on a dial (Fig: 166), fitted 
on the front panel of stabilized rectifier block (Fig: 167), the position 


of the finder's brushes. 


Let us analyse the operation of remote control elements in 
the change-over of operating frequencies and other control operations 
for positions of finder brushes 1-12 (see Fig 117). Positions 1-6 
provide for the tuning of magnetic field detectors to the operating 
frequency and amplific=tion of the received signals. Positions 7-12 


are for control and calibration. The third field of finder SHI-III 


connects balast resistances Riz and Rug, required for providing 
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. Fig: 167. 


continudus resistance of relays group connection. 


Position 1: Along channel I - on frequency 243 cps, on channel II 
frequency 974 cpse Operate relays Pas Ph Pos Pg and Pos Relays Py and 


Pa connect capacitances C, and Cy of tuning, relay P,, - the field 


? 
- the field receiver of high 


1 


receiver of low, and relay Po and P 


9 


frequenoyes with the control grids of the corresponding cathode repeater 


tubes (L, and Lo). 
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Position 2: On channel I - on frequency 243 cps, on channel II - 
on frequency 1949 cps. Operate relays Pas Pos Ph and Poe Relay cuts in 


capacitance C. for tuning the section of coil of the field receiver of 


5 
high frequencies to frequency 1949 cps. The functions of the other 
relays are described above. 

Position 3: On channel I - on frequency 243 cps, on channel II - 
on frequency 3898 cps. Operate relays Pas Pos Po and Poe Relay Pe 
cuts in capacitance Ce for tuning the coils section of HF field receiver 


to frequency 3898 cps. The functions of the other relays are the same 


as above. 


Position 4: On channel I - on frequency 487 cps, on channel II - 
on frequency 1949 cps. Operate relays Pos Pos P, and Poe Relay P, 
cuts in capacitance C, for tuning the coil of LF field receiver. The 


functions of the other relays as above. 


Position 5: On channel I = on frequency 487 cos, on channel II - 
on frequency 3898 cps. Operate relays P,, Pe, Py and Pos carrying out 


the same functions as above. 


Position 6: On channel I - on frequency 974 eps, on channel II ~ 


3 2 and Pgs Relay P 


cuts in capacitance Oa for tuning the coil of LF field receiver. 


on frequency 3898 cps. Operate relays P_. Per P 


o 


Functions of the other relays as above, 


Position 7: The input of tne gondola amplifier on both the 
channels is locked to common munus.- the measuring is of internal noises 
and inductions. Operate relays Pas Py and Poe Relays P, and Py cut in 


by the second group of contacts controlling the grids of tubes L, and Ls 
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Position 8: 

Input of gondoia amplifier on LF channel is locked on the 
common minus, and on HF channel ~ on the equivalent to field 
receiver resistance (on the average frequency for the given field 
receiver). The operation is of relay P, and Pos Relay Pe cuts in 


by the second group of contacts resistance Rise 


Position 9: 

Input of gondola aiipiiciee on the LF channel is locked on the 
common minus, and on HF channel calibration circuit is :eing prepared 
of the gondola amplifier. The operation is of relay P, and Pos 
The P. relay cuts in by the second group of contacts control 


9 


grid of tube L, to divider Ris Rigs Riz) to which the calibrating 


2 
voltage is being input. 

Position 10: 

The input of the gondola amplifier on HF channel is locked 
on common minus, and on LF channel preparation is being made of 
the calibration circuit for the gondola amplifier. Operate relays 


Pos Py and Poe Relay P., cuts in the control grid of tube L, to 


2 
divider Riz) Rigs Roy to which the calibrating voltage is being fed. 
Relay Pa remains idle. 

Position 11: 

The input of the gondola amplifier on LF channel is locked 
on resistance R16) equivalent to the resistance of field receiver 
on its medium operating frequency, and on HF channel =- on common 


minus. Operate relays P Py and Poe Relay ae cuts in by the 


3? 
second group of contacts resistance Rig? Relay Pa remains idle. 
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Position 12: The cophasal operation of the gondola amplifier 
finder and of doubler-finder of the measuring group is checked. In 
this case, the circuit is broken of the filament-anode sunply of the 
gondola amplifier, which is fixed by control device as cogumption by 


the gondola amplifier of rectified current. 


A slightly different system of remote control has been used in 
the BDK apparatus (90). Let us examine the diagram for the choice of 
operating frequencies of ASR.-2 apparatus, shown in Fig: 168, which is 
also semi-automatic and enables, oy pressing button K, "Type of work", 
the switch over of pertinent circuits in all the blocks of the apparatus 
during transition from one frequency to another. Signalling regarding 


the type of work is carried out by means of light dial. 


In the initial position of K, button capacity C, is charged upto 
the voltage of the power network of helicopter + 26v. At the moment of 
pressing the button, the capacity discharges through the windine of 


relay P The relay operates and by means of contacts Kp, cuts in the 


4° 
circuit of contact-relay Po» and through its contacts KPos the supply 
circuits of all step-by-step switches SHI of the measuring unit. Step-by- 
step switches operate, and their brushes pass on to the next contact. 
During this time the discharge current of capacitance C, reaches the 
intensity of relay P, release gurrent, as a result of which contacts Kp, 
become unlocked; this is followed vy the unlocking of condenser-relay 
contacts Kp oy and the supply circuits of the step-by-step switches 


de-energize. Duration of the discharge time is easily adjusted, since 


it is determined by C, value and the release current of relay Pay Le@ey 
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Key to Figure 168: 


a, On-board circuit; b, Connecting cable; c, Signal wire. 


Pig: 168. 
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by parameters of the discharge circuit. 


One of the plates (SUL, _1) of the step-by-step finder SHI, in 
the block of selective amplifier, is used for the commutation of power 
supply circuits of signal bulbs L, - Lias which are located on the 
light dial. The remaining plates (SHI,_, and SHI, _3) are used for 


the commutation of appropriate circuits of the selective amplifier. 


The winding of the step-by-step finder SUT, in the phasemeter 
block is connected with the power supply circuit of step-by-step finders 
through contacts of button K, "Synchronization of SHI". In the operating 
position, the button is released and the control of the step-by-step 
finder is executed by button K, ~ K, button serves to set the step-by-step 
finder SAI, in the initial position. With the pressing of button K, the 
winding of the step-by-step finder is cut in to the board network, which 
causes it to operate. In position 12 ("Control SHI") plate SHI, 
switches on signal bulb Lise The remaining plates of this finder 


(SHI. _, ~ SHT,_3) are used for the commutation of phase-shifting circuits 


of phase-inverters in the phasemeter block. 


The control circuit of the step-by-step finder Sal. in the 
receiver block is similar to the control circuit of the step-by-step 
finder in the phasemeter block described above. The supply and control 
circuit of the step-by-step finder's position in the outboard gondola is 
comparatively complex, since for the coupling with the gondola the use 


can be made only of two cables - signal and minus. 
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The command relay P, in the receiver block has control circuit, 
Similar to the one described above. This relay can be cut in by means 
of Button K, in the selection of the type of work, as well as by means 
of button K, in position control of the step-by-step finder in the 


3 


gondola. 


With the winding connection of relay P53: the signal cable 
through contact group Kp, gets connected with filter output (+ 240v) of 
the stabilizer rectifier of voltage for the supply of the gondola 
amplifier. The neon tube Lig lights up, and the step-by-step finder 
SHI, in the gondola amplifier operates. Capacitance Co prevents the 
falling of high voltage on the cathode of tube L, (output stage of the 
gondola amplifier). With the release of button Kas tube Liz goes out, 
removing the shunting effect of the step-by-step finder on the output 


of the gondola amplifier, and the circuit returns the initial position. 


The synchronization of the step-by-step finder SAT, in the 
gondola is controlled in the following way. In position 12 ("Control 
SHI") through plate SHI, _ 4 the winding of relay Py gets energized, and 
the signal cable gets connected through contacts KP, with the special 
rectifier (-27?v), serving to feed signal bulb bass which indicates 
synchronization of the step-by-step finder of the gondola amplifier. If, 
at this moment, the contacts of the gondola finder SHI), are also in 
position 12, the. Supply circuit of bulb L,, (through contacts Kpz» Kpy 
and conformatly connected to voltage -27yv diodes Das D5) will be locked. 


The supply of the next change-over positive pulse (+240v) with the chang- 


ing of the circuit to the next operating position will not cause its 
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shunting due to the opposing connection of diodes D, and Do. The 
remaining plates SHI) _4 - SAT) 3 of the step-by-step finder SHI, are 
used for switching over the corresponding input circuits of the gondola 


system, etc. 


However, the circuits of remote control, constructed on 
step-by-step finders, contacts of which were used directly for the 
transmission of minor signals, were found to be unreliable and required 
careful maintenance (regular washing by alcohol, insulation against 
dust, etc.). Therefore, preference should be given to circuits, in 
which for this purpose, small-scale and reliable relays are applied, while 


the finders themselves serve as controlling elements. 
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Chapt. XI — COMPENSATION OF THE PRIMARY FI“LD SIGNAL IN THE HETHOD 
- OF INDUCYTON 


\ 


1. Methods of signal compensation, 


Effectiveness and practical vcelue of any version of the aerial 
induction method depends entirely on the high protection of its apparatus 
from various noises, including those caused by the primary field itself, 
which may be perceived by the receiving portion of the apparatus equally 
with the useable signal from the secondary field. “hen the primary field 
induces time-continuous interference, it is comparatively easy to compensate 
this interference, for example, by electricel methods. But if due to a 
Slight unavoidable variation in the reciprocal position of the secure and 
the field detector caused by disruption during the flight of the géometry 
of the system, the time intestevetce varies at random (even if only in 
intensity), it is practically impossible to eliminate it, since it is of 
the same frequency as the Yseable signal. Therefore, the veriable signal of 
the primary field, perceived by the field detector, is an undesirable 
background, on which the useable signal is easily lost, specially its 
comperatively negligible varictions, connected with conductivity variation 
of various layers of the earth crust. Hence a confident measuring of the 
anomalous signal in the aerial induction method is only possible with 
efficient suppression of the direct signal, induced in the primary field 
detector. 

Suppression of the primary field signal in the aerial induction 
method could be achieved in at least four ways. 

The first way consists in slacking the bond between the source and 
the field detector by removing the latter from the aircratt and letting 
jit approach the ground. This is done by pluctng the field detector in the 
outboard gondola. This wey has some positive sides. For instance, with 


increasing spread (distance between the source and the field detector) there 
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is some increase in the sensitivity of the induction method to anomalous 
objects, since in this case there is a higher ratio of the secondary field 
density to the primary and the signal to the noise ratio improves (whether 
the nose is external, vibrational, from electric equipment of the aircraft, 
etc.). 
h 

It is well know that with the increasing altitude of flight/density 
of the secondary field reduce in the proportion of n°, However, with the 
spread of about 100 m and over and the approximation of the field source 
to ground density, the reduction of the saepnaaey field at the point of 
the field detector will be approximately determined by relation ptren> | 
which is an appreciable gain in the level increase of the secondary field 
(103) » But even in these conditions, the primary signal inveriably remains 
considerably higher than the secondary. This way of suppressing the 
primary signal hes the following negetive sides: reduction in the method's 
sensitivity with increasing altitude of flight, and to supplement the 
loss of sensitivity requires raising the power of the primary field source 
(to increase the torque of the oscillating frame); the piloting conditions 
become more difficult; variations of the selected geometry of the system 
of source field detector, due to random shifting of the outboard gondola 
(its bumping) with sufficiently long md soft suspension, are more likely. 
Bumping of the gondola frequently results in the appearance of quite 
considerable methodical interference. 

Thus, increased distance between the source end the receiver of the 
field and the flight of the aircraft at a minimum altitude is incompatible. 
The possibility of reducing the effect of the primary signal on the 


measuring results by this way is limited on account of the required safety 


of piloting. Therefore, there is usually some compromise. 
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The second way envisages placing of the field detector at those 
points in the zones of the space surrounding the field source, at which 
the primary signal is either a zero (in perticular, one of the primary 
field components is equal to zero), or is generally insignificant, and its 
unavoidable variations with the disruption of the geometry of the system are 
negligible. 

The third way assumes the application of electric compensation, i.e., 
decrement in the measuring apparatus of the intensity of the direct (primary 
or resultant) signal received by the field detector due to subtraction from 
it, by special circuit, of auxiliary (coherent) compensating voltage with a 
certain amplitude end initial phase. 

The fourth way is implemented by the use, for instance, of the rotating 
magnetic field and the placing of field detectors in those zones where the 
primary field has circular polarization. Signals, excited in recoivers by the 
corresponding components of the primary field, are transformed into electric 
circuits in such a way that, in the absence of a disturbing object, the 
modulus difference of transformed signals and the phase shift between them are 
maintained equal to zero. 

The first two ways for the suppression of the primary signal, based on a 
selection of the position and orientation of the field receiver in relation 
to the source, determine the so called geometric compensation. 

The third way, i.e., electric compensation, has its own varieties, 
distinguished both by the choice of the initial phase of the compensating 
voltage and by the nature of the fixing modulus of this voltage during 
compensation and its behavior in the process of changing. The source of the 
compensating voltage could be directly the master oscillator or the ohmic 
resistance, connected into the circuit of the oscillating frame, as well as 


additional receiver (one or several) of the primary field, excited by the 
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Main or the auxiliary source, etc. 

The fourth way for suppressing the primary field signal is a combination, 
as in this case there are elements both of the geometrical compensation 
(selection of location zone by the field receiver), and of electric compensation 
(the signals excited by the primary field and transformed in electric circuits 
are 50 subtraced one from the other that their difference is zero). 

A practical example of applying purely the geometrical compensation are 
the systems, combined and rigidly fixed together by frames (Fig. 169) (53, 117). 


These systems are used in the units of the induction method. 


: & - Zs : 
ae 2 = ar 

2 : t 2 ee ae : ' 
Fig. 169, 

Fig. 169-6 shows the diagram of an arrangement in which the oscillating 
frame 1 is placed in a horizontal plane and the two vertical receiving frames 
(coils) 2, connected in series, are Placed on both sides of the oscillating 
frame and are oriented in such a way that the direct signal at their outputs 
is equal to zero. 

In the horizontal receiving frame 2 is set in the centre of a circular 
sacnintine frame 1 (Fig. 169.-b), then, as follows from the analysis data of 
the prinery field, there is no horizontal component of the field in the centre 
of this frame. Therefore, in the horizontally oriented field receiver the 
direct signal is practically non-existent. 

In the first case, even with very rigid geometry of the system, it is 
possible to achieve suppression of the primary signal not over 107-104 times. 


But in the second case, since a point field receiver can not be made, the 


signal of the primary field is also present; it is caused by the vertical 
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s 


component of this field, which corresponds in intensity to the residual 


signal in practical suppression of the primary signal by 10°-107 times. 


Description of other methods for eliminating the effect of the 
primary field on the receiver by geometrical compensation is given in 
the work (157). The obvious sign of excluding the primary field i, nay be 


the parity to zero of flux F through the field receiver: 
P= a, Ja, as) = 0, (XI.1) 


where S- the active area of the field receiver. 

Fig. 170-a shows the oscillating and receiving frames, made in the 
form of a circular loop of radius a. In this case, the planes of both the frames 
are perpendicular, their centres combined and parity (XI.1) is automatically 
effected, as the integrand is equal to zero. If the shape and area of the 
oscilleting and receiving frames are similar, the maximum size of the 
setting will be 2a. 

Let us take two more methods for excluding the effect of the primary 
field, based on the fact that the magnetic field of the loop inside and outside of 
it is in opposite direction (Fig. 170, b and c). The receiving frame could be 
30 placed that one of its portions would be above the inner and the other ubove 
the outer sides of the oscillating freme (Fig. 170, b). In this case the 
condition should be met. 


(Ho as ) + My 2 (H,5 48.) = 0, (XI.2) 


Sl 2 


- 471 - 


where Ho and Eo - the primary field inside and outside of the oscillating 


1 


frame respectively; 5) and 8, ~ the part of the receiving frame area, located 
respectively above the inside and outer side. of the oscillating freme; 
3) + S, = 5 - the areca of the receiving frame. 

With similer dimensions of the oscillating and receiving frames of round 
shape, condition (XT.2), as shown by theoretic calculations, will be met, when 
the receiving frame intersects lorizontal freme at a distance r = 0.48a from 
the centre (see Fig. 170, b). Therefore, the maximum size of the sctup is 
approximately 3.5a, i.e., considerably greater than in the first case. 

when the receiving frame is made in the shape of a flat ring (see 
Fig. 170, c), the size of the setup with equal areas of both the frames will 
be 2.6a. This system is less sensitive to reciprocal trenspositions. ‘The 
double compensation method is implemented in accordance with the diagram shown 
in Pig. 170, d). 

In the apparatus of the aerial induction method, the application is of 
multiturn oscillating and receiving frames. Therefore, practical implementation 
of a high-degree compensation of the primary signal by the above means with 
high response of the apparatus is hardly possible (even with their very rigid 
fixing). It may be assumed that, in this case, additional electric compensation 
would be required in measuring the portion of the apparatus with a high 
stability of parameters both of the source and the field receiver, and of the 
electric compensation circuit itself. In practical work, the application is 
mainly of the combined compensation, i.e. combination of geometrical and 
electrical, 

2. Nain data of electric compensation. 


Analysis of the main versions of the aerial induction method has shown 
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that, in some of them, the field receivers, due to specially selected 
geometry of the system, do not receive the primary field signal, i.e., 
there is purely geometrical compensation (e.g., the version with combined 
oscillating and receiving frames). In other versions due to the specific 
structure of the primary field and certain geometry of the system the signals 
of the primary field, received by the field detectors, are automatically 
subtracted in the receiving system, as a result of which in the non-presence 
of the secondary field the measuring system reacts only to external and internal 
interferences, unconnected with the primary field. Hence, the geometric and 
electric compensations here are implemented simultaneously (e.g. both versions 
of VMP) . In other versions (helicopter, when the source and receiver of the 
field are on one vertical line, "Canadian", plane version with outboard 
gondola at @=65°, etc.), the signal of the primary field, perceived by the 
receiving frame, is an interference and, moreover, quite considerable as 
compared to the intensity of the useable signal. To increase the susceptibility 
of the method, it would be necessary, besides geometrical compensation, i.e., 
spreading and corresponding orientation of the frames, to implement additional 
electric compensation of the primary field signal, so that the useable signal 
would be higher than that of the primary field or at least would be absolutely 
distinct in the background of the latter. 

The quantitative measure of compensation will take its depth n, 


determinable from fornula 


+ * 
- e- Ue “x. . 100, 3, (51.3) 
c 


where v= the composite value of the normal field resultant signal (taking 


into account the effect of uniform ground surface with finite conductivity) ; 


UL. - the composite intensity of the compensation voltage. 
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The lover is the residuel voltage (u- Uy)» the greeter will be the 
degree of compensution n, i.e. the more this voltage approeches the actual 
intensity of the sought-for anomalous signal. "ith the residual voltage close 
to zero, the anomalous effect is shown in its entirety. However, the main 
difficulty in implementing a sufficiently high degree of electric compensation 
is the random variations of geometry in the system source-field receiver, 
which may considerably increase ths crror in messuring. 

In view of the special importance of this question for estimating the 
efficiency of the apparatus in aerial electric prospecting, the main methods 
for electric compensation of the primary field signal, their potentialities 
and recommendations for the selection of measurable parameters are given ahead. 
The methods of electric compensation and the systems applied are analysed on 
the basis of the induction method with one place and spread out oscillating 
and receiving frames. However, in certain conditions the analysis data may be 
applied to some other versions of the induction method. 

The signal, induced in the receiving frame and which we shall denote as 
U, generally represents the vector sum of the primary field signal (the so 


called direct signal ) U, and of the secondary field Us, determined by eday 


Pig. 171 


currents in conducting bodies of upper layers of the earth crust (Fig. 171). 


Ve know thet for the apparctus of the induction method with spreed-out 
oscillating and receiving frames fo) < lo.) and the phase angle (PD of 
signal U 


in relotion to signal uy May vary the nature of the conducting 


2 
body (paremeter pa’(98) ) in a very wide range- from units to some tens of 
degrees. With high conductivity of the anomalous body, with predominance of 
the active component, this angle is negligible, but with comperctively high 


resistance ond composite structure of this body, when the predominant is the 


reactive component, angle, i, 
2 


If the measurements are conducted without electric compensation, then 


> to Uy increment of the 


resulting signal A Me = _ - us in the measuring unit is several percent of 


with variation of the secondary field signal from U 


the virtual value of the total signal, and the increment of the phase angles 
fa —=d—d-units of degrees. Therefore, in this case, in the background 
of considerable interferences of various origins it is practically impossible 
to measure these increments. 

In AERI-2, VHP and other apparatuses of the aerial induction method, there 
is a possibility of recording the virtual value (modulus) of the resultant 
field signal U, and of the phase angle f of this signal vs., a certain voltage, 
taken as comparative y ap as well as of quadrature somponents Ua? Up! which 


are the projections of the resultant signal vector in the direction of vector 


Yomp” perpendicular direction respectively (Fig. 172). 
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The active component of the useable signal U, is the projection of 


2a 


. 6 
the useable signal U, onto the vector direction of compartive voltage Conte 


2 
coinciding with the vector direction of current Ig The reactive component 

Ue, is the projection of the useable signal Ue onto the direction 

perpendicular to the vector of current I. However, as can be seen from 

Fig. 172, the active component a of the resultant signal is quite different 
from the active component Use of the useable signal; therefore, it.would be 
inexpedient to measure it without the preliminary electric compensation of 

the primary field signal. 

“lectric compensation in the ideal case, i.e., in the ubsence of 
different voltage caused by the primary signal, makes it possible to measure 
the voltage amplitude of the secondary field signal Us and its phese angle Pp, VS. 
current in the oscillating frame 1, or the comparative voltage Vontp Coinciding 
with this current in the phase. In this case, there is a full possibility of 
measuring both the components (0, and Uo) of the useable signal. Obviously, 
the compensating signal should coherent with the current frequency in the 
oscillating frame. 

In the build-up of the apparatus it makes no difference as to which of the 
parameters, characterizing the useable signal, will be measured—the amplitude and 
phase or its active (reactive) component. However, to reduce the error, caused 
py the random variation of the initial geometry of the system and resulting in 
disrupting compensation of the direct signal, the selection of measurable 
parameter is not so indifferent. As we will see further on, the phese ratio 
between the compensation of measurable and comparative signals depends on the 
mode of compensation and the selection of the measurable quantity. 0, the 


mode of compensation, also depends the error in the measuring of perameters with 


variation in the geometry of the systen. 
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‘Depending on the structure of the system of electric compensation, 
the number of field receivers and the circuit of connections and the 
interaction of the measurable and compenssting signals in these systems, 
the mode of electric compensation may be divided into two groups: the 
simple and composite. 

The distinctive feature of the simple means of electric compensation is 
the presence of only one field receiver and, therefore, of one receivable 
signal. The block diagrams of compensation here are simple and there is no 
considerable transformation of the measurable or compensating signal in then. 
There are two versions of these methods of compensation and two diagrams for 
their practical implementation (20). For systems of the first version, the 
initial phase of the compensating voltage, combining with the initial phase of 
the direct signal, remains invariable during the measurements; for systems of 
the second version, the compensating voltege always coincides in the phase with 
the resultant signal. On the basis of the first and second systems, it is 
possible to build a third, which makes it possible to measure the components 
approximately, without applying the phase-sensible voltmeters. 

The problem of the composite methods of compensation is to assure measuring 
with the acceptable error of one or several paremeters, characterising the 
useable signal, with admissible variations of the geometry of the system. The 
composite methods of compensation are inveriably connected with certain 
transformation of the signal, and the output voltage of the compensation circuit 
is determined by the’interaction of measurable and compensating voltages. 
Generally, the output voltaze of the compensating circuit may noticeably differ 
in the amplitude and the phase from the interacting voltages, but it reflects, 
more or less, the variation nature of the secondary signal. For reletive 
measurements, which are coducted in the aerial induction nethod, this 


circumstance hzs no substantial significence. However, when necessary, knowing 
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parameters of the compenseting circuit, it is possible to obtain by 
the date of calculations the characterising signal of the secondary 
field. 

Several modifications of systems for the composite methods of electric 
compensetion for the apparatus of the induction method with spread out source 
and receiver of the ficld have been devised and patented in the USA (18). 
These systems are meant mainly for reducing the magnitude of methodical 
interference and the error in measurements, determined by it, with some 
veriations in distence between the source and receiver of the field or with 
minor angular transpositions of the field receiver vs. the source. The 
systems are based on the use of additional receivers end, sometimes, also 
of auxiliary field source. 

FI AN Ukr. SSR developed four systems of the composite methods of 
electric compensation, fundamentally different from those developed in the 
USA: total compensation system of resultant field signal, system with 
auxiliary receiver of horizontal component of the field, and two versions 
of systems with the use of automatic gain control (acc). 


3. System with invariable initial phase of the compensating voltage, 
matched with initial phase of the primary signal. 


The block diagram, assuring the indicated compensation, is shown in 
4 
Fig. 173. The resultant field signal U0 (in flight at operating speed and 
comparatively high altitude), induced in the receiving frame 1, tuned in 


resonance, after amplification by the gondola amplifier 2, arrives in the 


Fig. 173. 
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form of voltage U, = Upe = KU, (where k- the transformation factor of 
the preamplifier) at one of the inputs of the subtraction system 5. Fed 
to the second input of this system is the compensating signal tk > obtained 
by the conversion of signal Uk in the phase-inverter 3, where this signal 
is matched in the phase with comparative signal Loe and in attenuator 4, 
by means of which the desired modulus ratio of signals U, and Uy = Une? 
i.e., the depth of compensation, is set. 

The selective measuring amplifier 6, the phasemeter 7 and the phase- 
detecting voltmeter 8 make it possible to measure at the output of the 
subtraction system modulus U, of residual voltage Uy » phase shift vs. 


compsretive signal and also the active (cosine) or reactive (sine) 


lone 
components of signal Uy - The phase of” comparative voltaze could be 
previously matched with the current phase in oscillating frame 1 (in 
absolute measurements) or with the phase of resulting signal Une , Which 
during flight at high altitude corresponds to the phase of the primary 
field signal (in relative measurements, which sre the most usual). 

The relationship between quantities Ups Uy» Uy and Ue in this system 
of compensation is shown by the vector diagram, plotted for the case of 
incomplete compensation (Fig. 174, a), when fu,J< {u,}, and the voltage 
time in the phase with U,- I, the case of total compensation, when 
U, =U, » all quantities, measurable by instruments, determine directly the 
useable signal Uy. The less is the depth of the compensation, the more will 
be the difference between the reading of instruments and the actual parameter 
values of the useable signal. The exception is only the reactive component 


xp? which with any depth of the compensation remains equal to the reactive 


component Usp of the useful signal. 


0 
Ui # Vey , 
6 


Pig. 174 

rheteesie depth of electric compensation provides a more accurate 
reproduction of the useful signal and measurement of its parameters. However, 
in the actucl conditions of geophysical survey same changes are evident in 
the disposition of the receiving element} in relation to the oscillating frame 
due to the disruption of the initial geometry of the system (for exemple, 
bumping of the gondola). If polarization of the primary field is non-linear, 
which is caused by the effect of currents, induced in the metal body of the 
aircraft, the primary signal changes not only in intensity A U,, but also in 
the phase (1p). Some variation of this signal in relation to comparative 
voltage (Fig. 174 b) with invariable useful signal Up results in the Pa 
appearance of the residual signal Uy. different in intensity and eeeiae cos 
signal Uy, 

Thus, it may be assumed that the variation of the primary signal v, to 
a certain extent of AU,, in this case, is approximate to the appearance of 
the additional secondary signal of the same intensity, and the measuring 


-t BA . 
portion of the apperctus will be measuring the new signal U, = +AU). 


oe et 
In this case, the active U,,and the reactive Uxp components of the residual 


*Hence under the signal of resulting field Up will be assumed signal, input 
directly into subtrection system from the side of field receiver, i.e. signal 
at the output of preamplifier. 
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Signal may considerably differ from the preceding values of components 
Cand U »U5,- Only in the case of the linearly polarized primary 

Ka XP 2P 

field, when this signal varies only in the modulus retaining its phase as 
invariable (Fig.174-c), its increment AU] does not affect the reactive 


tt 
component magnitude of the residual signal ( Leo U, pe 


In view of the fact that the secondary signal is approximately in 
quadrature with the primary signal, comparatively insignificant increment 
or the primary signal without change in its phase will have a uegligible 


effect on the results of measuring Uy - 


If it is assumed that there is a possibility of achieving total 
compensation, then, as can be seen from the vector diagram in Fig.175-a, 
even in the case of the linearly polarized primary field with negligible 
variation of the geometry of the system, instead of the secondary field 
signal U5 and its phase angle ps in relation to comparative voltage, the 
measuring apparatus will be recording the modulus of a new vector, equal 
to the vector sum of signals U, +AU, «= U. and phase angle Q, ( ve = Y,) 


between the new vector and the comparative voltage U - In this case, 


t 
the reactive component Us remains invariable, the active U5 = U 


varies substantially. 


Therefore, with linear polarization of the primary field and possib} 
minor disruption of the geometry of the system it would be expedient to 
measure the reactive component with total (ideal) compensation, as well as 
with partial compensation of the primary signal. Appearance of the 
reactive component will indicate the presence of an anataious object in 
the flight expedient to measure the active component of the resultant 


or the secondary field signal. 
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Pig. 175 


It is known that on frequencies in the order of hundreds of cps the 
reactive component of the secondary field is not high for large and highly- 
conductive ore deposits. Therefore, it should be measured by apparatus of 
high precision. In these cases, it is expedient to decide whether it would 
be more gainful and convenient to measure the active component, which is 
comparatively high, but shaded by considerable methodical interferences, or 
to measure by means of high-precision measuring instruments the reactive 
component of insignificant intensity practically unaffected by methodical 
interferences. 

However, in practice it is impossible to achieve total compensation of 
the direct signal due to unavoidable variation of the geometry of the system 
i.e., variability of U, and instability of the compensating voltage Up < 
Hence there will always remain residual voltage AU at the output of the 
subtraction system. 

Depending on the ratio of signals Uy = Up and U,during compensation and 
on the setting of the phase angle \)between the compensating Uy and measurable 


voltage (assuming that U, and Damar? combined in the phase) the phase angle 


is es es 


i) 
‘ 
. 


Pig. 176 


of the residual voltage AU. may very arbitrarily from O to 360°(Fig. 176). 
This introduces an additional error in the measuring of the useful signal 
with high degree of compensation; the appearance of arbitrarily oriented 
vector Au, changes the reactive component also. Nevertheless, if 
quantitative comparison of the error, caused by the imperfect compensation 
system and the error from disruption of the geometry of the system, is made, 
it will be found that the first is negligible and for some versions of the 
induction method, specielly for those with the outboard gondola, it may be 
discarded.. 


Indeed, there is no difficulty in carrying out compensation with the 


Ka = a a (X2.4) 
subtraction factor equal to 1077(117), which corresponds to the extent of 
99. 9% compensation. However, calculations show that in the ABRI-2 apparatus 
the minimum methodical error from disruption of the geometry of the system 
within the variation range of angle@ upto ~ 1° and in the measuring of 


vertical component is several per cents, 
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Thus, it is possible to assert that a high degree of compensation 
can be teken as ideal with negligible variation of the geometry of the 
system in the epparstus of aerial induction method, when the receiving 
frame is rigidly fixed on one mobile object at a comparatively long 
distance from the oscillating frome. For other versions of the induction 
method, it is necessary to depend on partial compensation only. 

4. System with a follow-up phase. 

In the system with a follow-up phase, the amplitude of the 
compensating voltae is determined by the set degree of compensation and, 
during the measurements, remains invariable; the phase of the compsrative 
signal continuously combines with the phase of the resultant field signal 
Gs The given compensation is explained by the vector diagram in 
Fig. 177, which takes into account veriation in the phase cnd the amplitude 
of the resultant signal ss which assumes various values (us and Up). The 
block diagram of the compensator, implementing the said compensation, is 
shown in Fig. 178. 

Received by the field detector 1 the signal of the operating freauency, 
sfter en appropriate amplification in the (gondola) preamplifier 2 in the 
form of voltage Up is delivered at the compensation block 7, where at the 
input a of the compensator's subtrecting system it is fed directly, and at 
the input b through the amplification circuit with automatic control of the 
constent output level, consisting of the amplifier-liniter 3, the phase- 
invertor 4, the phase corrector 5 and the attenuator 6. 

The received signal is preamplified in the amplifier-limiter by 
about a factor of 10, and then limited from the top and bottom to a level 
exceeding not more than one and a half or two times the level of the 


signal at the input of the amplifier-limiter, and is maintained constant 
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with the veriation of the input signal within 1:20. The phase-inverter and 
the phase corrector provide the exact setting for the phase-shift of the 
compensating signal in relation to the measurable, fed to input “of the 
subtracting circuit. The attenuator presets the amplitude required to obtain 
‘the preset degree of compensation of the compensating voltage. 

The differential voltage between the sinusoidal voltage of the input a 
and the first harmonic of rectangular voltage of the operating frequency of 
input b of the subtracting circuit is fed to the measuring amplifier, which 
carries out selective amplification only of the operating frequency signal, 
and suppresses all the side—band frequencies of the rectanguler signal 

spectrum, 


R 


Fig. 177 


The relation between quantities U ; UL» u, and Uy for this method of 
compensation is shown by the vector diagram in Fig. 179, Fig. 179-a and 
179-c show the relationship of measured parameters with the variation of the 
primary field signal U, only in its own magnitude, i.e., in the case of the 
primary field's linear polzrization and some changes in the geometry of the 
system. Fig. 179-b shows the same relations in the case of non-linear 


polerization, when due to change in the geometry of the system there is 
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variation of the amplitude and the phase of the primary field. In 
accordance with Fig. 179, in this method of compensation, even with 
its total degree, not one of the quantities measurable by the instruments 
(w,|, es Trp Px ), corresponds exectly to the parameters of the useable 
Signal. Only with low angle Y= @, end total compensation {u j~ US Uy at 
Therefore, the given system of compensation may assure the required 
accuracy of measuring some of the parameters of useful signal only with low 
phase shifts between the primary and the resultant signals. Since it may be 
assumed that the secondary signal is approximately in quadrature with the 
primary, with total compensation the increment of the primary signal without 
changing its phase will be reproduced in its entirety by variation of (w), 
without however affecting the magnitude of the secondary signal reactive 


component (u = Uy.) Therewith, the measurable velues pana ee cheunge very 


2P 


little, i.e., it may be assumed that Det: - In view of the shortcomings 


P 
pointed out the system of compensation with a follow-up phase has not found 


application. 
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5. System for the approximate measuring of components without the 
application of phase-sensing voltmeter (rEV) 

The analysis of two main simple methods of compensation has shown that 
the first of these assures a more precise reproduction of the useful signal, 
while the second may provide the required accuracy in measuring increment 
Av, 


the resultant signals. In these methods of compensation, phase~sensing voltmeters 


aoa, only with insignificant phase shift between the primary and 


should be applied for measuring the ective and reactive components. 

By combining the first and second methods, it is possible to measure 
approximately the active and reactive components of the secondary signal 
without the epplication of phase-sensing systems. For this, at the input a of 
the subtracting circuit (see Pig. 178) instead of 0, it is sufficient to feed 
Us u) provided angleP,is so low that sinPp= <P, In this case, the 
compensation voltage is taken off from a separate source of the compens:ting 
signal according to the diagram shown in Fig. 173. 

Thus, in the given method of compensation the intensity of the 
compenseting voltage in the initial position is set equal to the intensity of 


the primary field signal and hence maintained invariable, i.e., U Psi const, 


K 1 
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and the phase of comparative voltage is combined with the phase of the 
primary field signal. With the appearance of useful signal U,, the intensity 
of the resultant signal will remain invariable (due to automatic level 


control circuit of this signal), but the phase shift between signals 


Puce. 180. 


“Big. 180. 

Up and Us (Us = const) will change. As a result, the measuring 
instruments will be recording the modulus of decompensation signal aS 
and phase shift between the indicated signals (Fig. 180). The modulus 
‘of decompensation voltage U. at the output of the subtracting circuit 
or its reactive component will be approximately equal to the reactive 
component Usp of the useful signal. The difference between the voltage 
of the resultant field signal Up at the input of the automatic level 
control circuit of compensating signal Ug and voltage ue at input b of 
fhe subtraction circuit (see Fig. 178) determines (with stable geometry 
of the system) the approximate magnitude of active component i Vee 
of the useful signal. With this method of compensation the variation of 
the geometry of the system also affects very little the varietion of the 


reactive component. 
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6. Block diagram of the apparatus for simple electric compensation. 

A simplified block diagram of the apparatus for aerial electric 
prospecting by the induction method, which permits implementing all the 
three methods of electric compensation, is shown in Fig. 181. Here 1-7 
are the nodes (see Fig. 178); 8 the smooth phase-inverter (from 0 to 
360°) ; 9- the attenuator of the compensating signal; 10- the phase 
corrector of the comparative signal; 1l- the fixed phase-inverter at 
180°. 

In position 2 for the switch FP, and position 1 for switch Ps 
implementation is of the first method of electric compensation; in positions 
1 for P, snd 2 for P,- of the second method end in positions 2 for P, and. 


2 3 
Ps of the third method. 
In the third method of compensation, the given system measures only 
the renctive component. For measuring the active component, it is necessary 
to lead in 3 second subtracting circuit, connected with points 1 of the 


switch Py end 2 of switch P, and of the additional selective amplifier. 


3 
In this case, there will be simultaneous measuring and recording of the 
active and reactive components without the applicsetion of phase-sensing 
voltmeters. 

In the first and third methods of compensation, the source of the 
®Wonpens: ting voltage could be the master oscillator or voltage drop on the 
active resistance r, connected at the output of the power omplifier in 
series with the oscillating frame (CR). The commutetion is performed by 
switch ¥,- The same voltage is the comperative one for phase-sensing units 
of the mersuring apparetus. 


Teke off of compensation voltage U,_ and comp: rative voltage U - from 
Cow p 


K 


resistance f eliminates decompensation with the variation of the current 


phase in the oscillating frame due to change in its parameters or the 
parameters of the power amplifier. However, this take-off is practically 
inconvenient due to the necessity of preamplification and additional 
filtering of voltaze, taken off resistance r. The elements, in which all 
the above is implemented, could themselves cause edditional phase shifts; 
therefore, in practice it would be more convenient to use, as the source of 
Vegan? U,, the master oscillator directly. It would also be more expedient 
from another point of view. In real conditions of geophysical survey with 
the presence of conductive detritus rubbish, introducing some initial 
uncertainty in the phese meusuring results, the correct method for measuring 
the components will be reletive mexsuring (117). In this case, there is no 
need to combine the phese of the comparetive signal with the current phase 
in the oscilating frame; but heving comeout to the initial altitude and 
compensated signel of the resultant: field, generated by the source of the 


primary field and the layer of conductive detrital rubbish there is need 
to combine the phase of the comparative signal with the phase of the compen— 


sating voltage. During the flight above the profile new values of parameters 


in relation to the adopted start will be recorded. 
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It should be mentioned that in the meesuring apperoetus itself there 
could be different phase shifts for the applied operating frequencies. If 
in measuring the phase and the components the phase is not corrected previously 
at ecch operrting freguency, there mey be a considerable additional error. 
Preliminary correction of phase shifts in the measuring channel on operating 
frequency may be carried out by means of the phase corrector 10 and switch 
Py in position 3, switches Po and Ps in position 1 (see Fig. 181). The phase 
of one of the signals automatically turns by means of the phase~inverter 11 
at 180° and the subtracting circuit of signal Up converts into summating. This 
correction permits exclusion of the phase error of reletive mecsurements, 
possible with the trensition from one operating frequency to another, provided 
the preamplifier and wire-cable do not cause an apprecieble phase shift throughout 
the whole spectrum of operating frequencies, i.e., they cre aperiodic elements 
of the receiving-measuring system. 

7.  Compensetion systems in ARIS end AERI-2 apparatus. 

The compensating systems in AUKIS and AXRI-2 epperatus differ considerably 
in the method of electric compensation, parameters and diagrams. 

AuRIS apparatus. In this apparatus the electric compensation is carried out 
only by the simple method, with the applicetion of the system in which the 
initial phese of the compensating voltage, matching the initial phase of the 
primary signal, remains invariable during the measuring. Since protection against 
interference of the receiving channel here is not very high, the interference 
pulses in the compensator are suppressed by the special system of limiting 
interference pulses (see pera 11, chapt. XIYI). 

Fig. 182 shows the line diagram of the compensator in the AERIS apparatus. 

The received signal is delivered through the contact 5 of plug socket 


SHR-70 to the separating cathode repester Lj 5s protecting the channels of the 
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measuring group from possible reciprocal parasitic coupling. Voltage 


from its output, commutated by tumbler Bk,, may be fed to the input of 


1 
the subtracting circuit Ly directly or through the limiter of interference 
pulses (oIP). 

The compensating voltage through the contact 5 of the plug socket 


SHR-71 and the cathode. repeater L, arrives at the potentiometric phase- 


1 
inverter (see para 9, chapt. Xx); providing for phase adjustment of the 
compensating voltage by jumps over 90° from 0 to 360°, smoothly within one 
quadrant (by potentioneter Rass connected with the arm of bridge, made up of 


resistences R Rys) and very smoothly within a few degrees (by potentiometer 


42, 
Rig of the same arm). The adjustment of the phase by jump is carried out by 
switch Po which commutates voltages, taken off the anodes and cethodes of 
tube L,. 


2 

The amplitude of the compensating voltage is controlled by ohmic 
devisor Room Rags connected through the cathode repeater L, subsequently 
to the phase-inverter, with division in steps of 10 db. Smooth adjustment 
is implemented by potentiometer Ryo» and very smooth - by potentiometer 
Rai: Hence the compensation voltage arrives at the second input of the 
subtracting circuit. 

From the output of the subtracting circuit, the residual voltage is 
fed through the matching cathode repeater hyo and the contact 1 of the plug 
socket SHR-71 to the parameter meters of the decompensation signal. The 


adjustable resistance R in repecter cathode, required with the replacement 


117 

of bulbs, serves to rectify the transmission factors of the compensators in 

channels I and II. laced in the same block is the second phase-inverter 

(L L.., L.-), With a system similer to that described, cut in to the 
14, 15’ “16 


couperative signal circuit and meant for the compensation of phase shifts in 


the measuring track of the given channel. Switch Po in the voltage circuit 
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of the main phase permits commutating the measuring channels into 
divided (according to frequencies) operation and operation parallel on 
one frequency. The filament voltage of the tube dri the subtracting stage 
is stebilized by barretter Lis: 

The compensator was investigated in the laboratory and in flying 
conditions. In laboratory conditions, the investigations were of the 
quality of work and parameters of the limiter of interference pulses 
(its main elements - the input divider, the amplifier-limiter, the 
differentiating and integrating chains, ete.), the phase-inverter and the 
attenuator in the compensating signel circuit. The extent and stability of 
compensation were also determined under the effect of external noise. 

Investigations of the limiter of interference pulses have established 
that with pulse frequency investigations similar to the frequency of the 
working signal, specially with coincidence of these frequencies, the 
operation stability of the node was disrupted, which indicated normal 
activity of the limiter of interference pulse. In these conditions, the 
latter does not affect the spectral components of interferences, frequencies 
of which are similar to operating frequency. 

It should be kept in view that compensation does not require very high 
precision of the phase-inverter's graduation, as the phase-inverter is used, 
not for measuring but for turning the compensating voltage; phase the exact 
value of which is not required. The main problem in the investigations of 
this unit was checking the stability of the phase-inverter'’s operation and 
determination of the minimum phase shift, which could be set for the 


compensating signal by smooth phase adjustment. The investigation has shown 
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that the minimum adjustable angle is 0.3-0.5° and the operation stability 

of the phase-inverter is quite satisfactory. The graduation of the 

divider in the compensating signal circuit wes also implemented approximately. 
However, in this case, the possibility of providing even variation of the 
signal to a few microvolts, at any level within the preset range of 
compensation voltage adjustment was confirmed. Compensation had to provide 

for the subtraction factor of 107°. 

During the flight in optimum conditions of survey (speed, elevation, 
weather) the primary signal was compensated upto different levels. 

At each level the recording was made of instrument-reading during calm 
horizontal flight. Investigations have shown that the compensation is 
sufficiently stable if the minimum differential voltage exceeds the noise 
level not less than three-four times having on an average 50 mv. 

To control the operation stability of the apparatus and to select the 
measuring technique all recordings were made twice. Fig. 183 shows an example 
of recording along profile No. 1 in the area of iaidan-Vilf st. on frequency 
488 cps with compensetion. The mean arithmetic divergence vetween the primary 
and secondary readings of the vertical component were for the modulus - S 4.6%, 
for the reactive component - = 2. 

Higher divergence in second reading of the modulus, as compared to the 
reactive component, is explained by greater sensitivity of this parameter to 
changes in reciprocal orientation of the oscillating, and receiving frames. 

AERT-2 apperatus. This appxratus permits carrying out simple methods 
of electric compensation according to the system used in ARIS station and 
by a system in which the compensating voltage invariably coincided in phase 
with the resultant field signal. I, AHRI~2 apparatus sufficiently high 
preliminary selectivity has been achieved, due to which there was no need 


to use the limiter of interference pulse and it has been excluded from the 


ROG 


compensator. There arc some differences also in the subracting circuits. 
The diagram of the compensator is shown in Pig. 184. The measured 
Signal through the contact 1 of plug socket SHR3(4)-14 is fed initially 
into the input divider 10:1 (switch P 4 ond resistances R, and R,) for 
attenuating mejor signals, and hence to the selective amplifier of the 


compensator (Le, La) with double symmetrical T-shaped RC-bridge, connected 


into reverse feedback circuit of tube L.. The elements of bridge for its 


tuning to the required operating frequency get connected by means of relay 


Pe-Pigs The equivalent Q-fector of selective amplifier Gyo 


Increased selectivity of the amplifier with remote detuning (for instance, 
on frequency of the adjacent channel) is obtained in the following way. 
Voltage from the anode load Roo of the tube Leg through resistance Rog is 
delivered to potentiometer Rog which is connected with the anode of tube 
L,. Due to the fact that voltages of the received signal on the enodes of 


7 


tubes Legend L, are in phase opposition, it is possible to select on 


7 


potentiometer R., a point et which the resultant voltare is zero. Since, on 


74 
the operating frequency, the intensity of the signal on the anode of tube 
Lg, (i.e. on resistance Raq) due to amplifying properties of the stage is 
considerably higher than the intensity of the signal arriving from the anode 


of tube leg to potentiometer R 4 the effect of the latter on the former may 


7 
be ignored. Therefore, on the cursor of the potentiometer, the voltage of the 
operating frequency signal is practically equal to the voltage, amplified 

by the selective amplifier of the compensator. Signals of other frequencies 
(noise signals) are not amplified by the amplifier and their amplitudes are 


approximately equal. Moreover, these signals ere in phase opposition, 


therefore, they are reciprocally subtracted. Thus the resultant voltage from 
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the interference signals on the cursor of potentiometer Rog is sufficiently 
low. 

From cursor of potentiometer Roy the amplified signal of the 
operating frequency is transmitted through cethode repeater Le, to switch 


P of the input commutator, and hence - to active divider R - Rass the 


1¢ 43 
ratio of division in which is equal to —=—_ » where KY = the 
v.S. ace 


amplification factor of the subtracting circuit. Division of the working 
signal is required, so that the transmission factor of the subtracting 
stage, through which the measuring amplifier with a certain amplification 
factor measurea the normal field signal without compensation, and also 

the comparative, compensating, etc., would be one. Potentiometer Rag of 
the divider makes it possible to correct the division ratio by replacement 


of tube L,. The required bias intensity of this tube is set by 


3 


potentiometer Ryg- 
From the anode load Rug of the right half of tube L¢ the residual 
voltage during compensation or total voltage of the working signal in 
auxiliary measurements is fed to the output cathode repeater Ly and hence 
through the contact 7 of plug-jack SHR3(4)-13 - to the selective amplifier 
of the measuring voltneter.. 
The compensating signal from the generating group (contact 5 of 


plug-jack SHR3(4)-14) arrives through switch P|, of the input commutator 


1@ 
to potentiometric phase-inverter Lys similar to the one in AHRIS compensator. 
The operating frequencies of the phase-inverter are changed over by relay 

P| - P+ To turn the phase of the compensating signal at 180°, the 
application is of phase-inverter, made up on the circuit with separated 

load on tube Lous Switching of the phase is effected by switch Pip of the 
input cowmutetor. after this, the compensating signal is fed through the 


cathode repeator Lop to the attenuctor. Switch P. carries out rough 


5 
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adjustment (by steps of 10db) of the compensating signal, potentiometer 
Ra The compensating signal from the cursor of the potentiometer gets 
into the second input of the subtrecting circuit. 

The described part of the compensator provides compensation by a 
circuit in which the initial phase of the compensating signal matches the 
initial phase of the primary signal and ramains inveriable during the 
measurenents. 

In compensation on a circuit with a follow-up phase, the received 
signal after selective amplifier of the compensator arrives through the 
contacts of switch Pie (7th position) to the left half of the subtrecting 


circuit tube L,, and through the amplifying circuit with automatic control 


3? 
of inveriable output level, phase-inverter and attenuator to the right 


half. In this case the amplifier of the operating frequency signal is the 
stage with amplification factor K =10,operating on the left half of tube 


Ly Ps 


The automatic adjustment circuit of the invariable output level is a 
two-sided limiter, by means of which the working signal is limited at the 
top and bottom to a level exceeding not more than twice its level at the 


input. The limiter is built on tubes L, and L,, on a circuit with cethode 


9 10 


coupling providing for symmetric limiting with high input resistance. Tube. 
grids of amplifier-limiters with common resistance in the cathode circuit are 


energized by direct positive bias voltage from divider Ros Rage The 


intensity of the bias on the left half of tube Lg and the right half of tube 


L,, is fixed, and on the right half of tube L, and on the left half of 


10 9 
tube Lig is adjustable (by means of potentiometers Roo and Roy) Thia 
controls the limiting threshold. 


From the output of limiter Roos the working signal voltage of 
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rectangular shape is initially supplied to the cathode repeater Lop hence 


through switch P, of the input commutsetor (6th and 7th positions) - phase- 


la 


shifter, phase-inverter, switch P,, of the input commutator, cathode 


lb 
repester Loy attenuator of the compensating voltage - to the right half of 
the subtracting circuit tube. The phase-shifter and attenuator fix the 
initial phase and intensity of the compensating signal for obtaining the 
preset degree of compensation, after which any phase variation of the input 
signal will automatically change the phase of the compensating signal, which 
provides for autotruacing by phase. At the beens akeheiee variation of 
the meesured signal will not affect the intensity of the compensating signal. 
Through the cathode repeaters on tube Le the measured and compensating 
Signals are fed into the block of oscillographic control for the visual 
observation of compensation. To increase working stability of the compensator, 
the anode supply is stabilized and the filament circuits of all the tubes 


are energized by direct current. 


The following values are measurable by the input commutator: 


Switch 
position 
Residual voltage after compensation by Uy, voltage 1 
Uy voltage after the adjustment of its modulus and phase 2 
Input signal voltage U, b) 
Veg ol tage after adjustment of its modulus and phase 4 
Residual voltage after compensation by Upe teee 5 
U voltage after adjustment of its modulus and phase in circuit 
of follow-up phase 6 
Residual voltage in circuit with follow-up phase 7 
U, voltage incoming from generating system 8 
i See eat incoming from generating system 9 
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The investigations in leboratory conditions were of the same common 
nodes as found in the componsetor AuRIS, as well as the omplifier-limiter 
of the compensation circuit with a fellow-up phase and the selective 
anplifier of the compensation circuit. The common nodes of the compensating 
systems in AMIS and A«RI-2 cpparatus (phase-shifters, attenuators, etc.) 
are practically identical. The investigations of the amplifier-limiter hcve 
shown that the minimum level of the signal for its normal vork is 30 mv, 
(millivolt) which corresponds to the intensity of the signal voltage af 
30 microv-dt oat the input of the gondola amplifier. 


Amplitude charecteristics of the amplitier-limiter: 


Ue ymv8 10 20 30 60 120 240 480 960 2000 
Mw 20 950 970 980 990 990" 995 995 995 960 
From the above data it follows that with signal vzeriation at the 
input of the amplifier-limiter from 20 mv to 0.9 v its output voltage (the 
first harmonic) is maintained constant with accuracy + 2.5%. The useful 
signal at the input is practically never below 20 mev {level below 10-15 
mev corresponds to noise level). The ultimate value of the stable 
subtrection factor for the first compensation circuit on alloperating 
frequencies in luboretory conditions (with careful shielding of the 
compensator elements) was 0.5.107°; the level of componsetor's set noise 
did not exceed 10 tev when me:sured by the usual wacuum-tube voltmeter LV-9 
or MLV-2i and 0.5 mev - in individual measuring at ench opereting frequency 
by selective mensuring amplifier of apparetus. 
The linegrity of the compensator's output voltage with variation of 
the input signel from zero to maximum value (0.8-0.9v) was checked in the 
following way. The input signal of certain intensity, e.g. 450 mv, was fed 


into the compensator, and compensation was effected upto the maximum 
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possible degree. Then the input signal was reduced to zero or increased to 
the maximum and the output voltage of the compersetor measured. 

On the grounds of the obtained deta, a curve was plotted Uy, = 4(U,-) at 
u = const (Pig. 185), which shows, that at U.s 0 the Ut = 0 (set noises of 
the compensation circuit are not taken into account). With negligible increment 
of Uns Us Sharply increases until the amplifier-limiter begins to operate. 
Subsequent increment of U;, causes linear decreasing of U to a zero, which 
will take place at the moment U, = UL. If U7 es Usbegins increasing 
linearly to about 900 mv, but the sign of Uy will change as happens with the 
phese turn et 180°. At U,.. > 800-900 mv, due to change in the working 
conditions of the subtracting stage tube, increments of eal. not be linear, 
and will be even more defined with higher increment of U. but until the 


voltage ig 2.5-3 v this deviation is not over 4~5%. 


Fig. 185 shows the experimental curves for three cases of penetrating 
compensstion: U.= 450 nv (point A), U. = 300 mv (point at) and U,,= 600 mv 
{point A"). It is clear from the figure that curves 1-3 are sufficiently 
linear in the working interval of U,,and parallel to each other. 


The transmission factor of variation of the input divider 10:1 is 
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maintained with precision upto + 2%. S,lectivity of the selective preamplifier 
has Q-factor in the limits 5-7 (for all operating frequencies), which 
attenuates selectivity by not less than 3% with detuning * 10% of the 
operating frquency. The temperature stability of the amplifier was checked in 
conditions of positive temperature 20-40°¢. In this case, the detuning of 
bridges at all frequencies was not higher than %. 

In flying conditions the operation of the compensator was checked at 
various depths of compensation on the first end second circuits (the flights 
were along one and the same aree). 

8. Total compensetion system of the resultant field signal. 

This method of compensation assure@inveriability of the fixed degree of 
compensation and considerable reduction in the measuring error with variation 
of the primary field signal due to some irregularity in the reciprocal 
position of the source and receiver of the field (85, 96). The compensation 
system contains two opposing subtracting circuit with output voltages equal in 
amplitude. I, one of these circuits, the phase of the output voltage matches 
the phase of the resulting field signal. 

The block diagram of the compensctor is shown in Fig. 186. The signal 
of the primary field U, = va admitted by the receiving freme 1 and amplified 
by the gondola preamplifier 2, comes in simultaneously into two subtracting 
circuits 3 and 4 and to the input of phase shifter 5 of the compensation channel, 
which we shall define as the second compensation channel. 

The first compensation channel, with subtracting circuit 3, subtracts 


from signal U, the compensating signal tas which could be voltage Us of the 


PO 
master oscillator or voltage taken off from resistance, connected in series 
into the circuit of the oscillating freme (see Fig. 181). By means of phase- 


shifter 7 and ohisemeter 6, connected to points a and b, matching in the 


phase of signal u, and compensetion signal Y., is obtained. Adjusting the 
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amplitude of the compensating voltage Da by attenuator 8, we obtain at the 
output of subtracting circuit 3 of the first compensating channel the 
selected or admissible intensity of decompensation voltage Uy which for 


the subtracting circuit 14 is the compensation. 


Sinilarly, in the second compensation channel by means of phase-shifter 
5 and phase-meter 6 (points a' and b') the required matching in the phase is 
obtained of the amplified admitted signal U, and the compensation signal Ts 
the source of which is the amplifier-limiter of the admitted signal. The 
amplification and limiting in peak of the measurable signal U., is implemented 
by block 10. The compensation signal, aiimost rectangular in shape, amplified 
and limited by this block on a preset level, is fed to selective stage ll, 
as a result of which the first harmonic of compensation signal Ur with stable 
amplitude is formed at its output. Amplitude control of this signal is 


carried out by atenuator 9. 


Connected with the output of compensation circuit 4 is a block 
of voltage measuring (selective vacuum-tube voltmeter) 12, indications of 
which are in proportion to the virtual value of decompensation voltage 
U iis ss U, at the output of subtracting circuit 4 with the appearance 


x po 2 


of the useful signal. 


From the outputs of the first (3) and second (&) channels of the 


subtraction circuit, the residual voltages aay and Uo are fed into subtracting 
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circuit 14. Connected with the output of this circuit is block 13 

(selective vacuum-tube voltmeter), serving for measuring the voltage, which, 
as will be shown, is proportional to this signal amplitude of the secondary 
field. The compensation is meant to achieve moduli parity of voltages Uyand 
ee which is controlled by the vacuum-tube voltmeter 13 (during the measuring 

the attempt is to obtain its zero or mininum reading). The phase of decompensation 
voltae AU. a tan Uies in relation to the comperative signal phase is 


measured by phasemeter 6 at the output of subtraction circuit 14. 


Puc. 186. 


~" Fig. 186 

A vector diagram, explaining the principle of the given method of 
compensation with variation of the primary field signal due to disruption of 
‘ne geometry of the system, both in the absence and in the presence of the 
secondary field signal, is shown in Fig. 187. 

Fig. 187-a shows the diagram of compensation to a certain degree, when 
only the primary field signal 0, is being received. At the Sueiat of 
compensation circuit 3 will be some residual voltage yy and at the output of 
compensation circuit 4 voltage Uxo0» which is measured by the vacuum~tube 
voltmeter 12. In this case, at the output of subtracting circuit 14, depending 
on the accuracy of obtaining perity in the intensity of compensating signals 
tv and U and their stability a certain unbalance voltage AU,9 meesurable 


x40 X30 
by vacuum-tube voltmeter 13 is obtained. The phase of the comparative voltage 
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” 


Unie combined with the phase of unbalance voltage AU by means of 
- 


phase-shifter 15 and phasemeter 6. 


« 


Fig. 187 


If due to variation of the geometry of the system, the primary 


field signal increases (Fig. 187 bd), signals U o and U o, which have 


1 2 
increased simultaneously to the extent of primary signal increment, appear 
at the output of compensating circuits 3 & 4. However, the unbalance 
voltage in this case does not change its intensity, i.e., Av», = Au. 

With the appearance of the secondary field signal u, (Fig. 187 c) the 
outputs of compensation circuits 3 and 4 will produce, respectively, 
residual signals Ux, and Uxss differeing in phase and intensity. At the 
output of compensation circuit 14 will appear unbalance voltage AU, 5 
the phase shift of which in relation to the comparative signal will differ 
considerably from the initial (zero) value. These variations are established 
by the vacuum-tube voltmeter 13 and phasemeter 6. The unbalance signal Av, 
does not correspond in intensity and phase to secondary field signal Us 
i.e. an absolutely new signal. However, with set values of Uk and Ut, it 
is unambiguously determined by signal U5» wholly reflecting its variations. 


If there is a useful signal Uns and the primary field signal varies, 
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e.g., increases to U; (Fig. 187-4) provided Uy = const , the residual 
signals Ux, and Ux, at the outputs of compensation circuits 3 and 4 
respectively are subject to considerable changes. The unbalance signal 
AU! at the output of compensating circuit 14, as shown by the diagran, 
does not change appreciably. 

Thus, in the given method of compensation with linear polarization of 
the primary field variation of the geometry of the system has iess effect on 
the measuring of intensity of unbalance signalA Us which characterises the 


useful signal U and its variations. With increasing degree of compensation 


; 2 
AUs0,. 

A vector diagram for non-linearly polarized field is shown in Fig. 187-e, 
from which it is evident that unbalance signal AU" is quite distinct in 
intensity and phase from signals AU, and Au . Therefore, this method of 
compensation is effective only in the case of linear polerization of the 
primary field. 

The compensation of the resultant field signal Ue at the output of 
preamplifier 2 in this method (Fig. 186) is carried out in the following 
order. 

1. By means of selective voltmeter 12 the amplitude of Us is determined 

at point b. For this, the commutation of subtraction circuits 3 and 4 is such 
at which only signal Veo is transmitted through them. 

2. By alternate variation of voltages at points a and a' by voltmeter 12, 
equal values of compensation voltages J, and Uy, are set with sufficient 
accuracy (commutation is only of the subtracting circuit 3). 

3. By an alternate connection of phasemeter 6 at points a, b, a', b', zero 


phase shift is obtained by phase shifters 5 and 7 between voltages U9 and Yy 
i 


4. By means of selective voltmeter 15, the intensity of unbalance signal is 


determined at the output of subtracting circuit 14 and brought down practically 
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to zero by the adjustment of even attenuator in block 9. 
Bumping of the gondola is controlled by selective voltmeter 12. 


9. Compensation system with the horizontal component of auxiliary 
receiver of the field. 


This system for a composite compensation as been devised for AERI-2(122, 
124) with the object of reducing the effect of changes in the geometry of 
the system on measuring results. With an appropriate selection of the 
system's parameters it may be used for compensating devices and some other 
versions of the aerial induction method, 

In the apparatus of a single-plane version of the induction method, 
when the field receivers are located in the outboard gondola, the most 
frequent are the relative parameter measurements of the signal, induced in 
the vertical component of receivers of the resultant field. This is 
specified by the fact that in the case of the horizontally placed oscillating 
frame the anomalous effect is more clearly defined on the vertical component 
of the secondary field. For obtaining the maximum useful information the 
field detector is oriented in such a way as to react only to the vertical 
component of the resultant field. 

In the analysis of the primary field in various versions of the 
aerial induction method, ratios were obtained for the determination of 
components Ry and H, (III. 15a), and also function curves P(e) (see 
Fig. 26) and F,(@) (see Fig. 27), characterising the directivity of field 
components in the oscillating frame, which may be taken as magnetic dipole, 
i.e. giving the pattern of the primary field in vertical plane with 
variation of the gondola's drift angle © within the range 0-180". According 
to Fig. 26 and 27, the magnitude of the vertical component close to 
direction 0Z, typical for some versions of the aerial method with outboard 


gondola, exceeds practically more than twice the magnitude of the horizontal 
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component near the same direction. Therefore, the secondary field 

signal, dependent on the vertical component is not less than twice 

higher than the signal from the horizontal component. For AERI-2 apparatus 
of the induction method with the length of cable 150 m, the speed of flight 
260 km/hr and calm weather, when the variatiomof the geometry of the system 
are negligible, @ = 64-65°, In this case, at the point of the field detector, 
as shown by calculations, the horizontal component of the primary field 
exceeds about two and a half times the vertical component (the signs of 
these components are conflicting), 


iS Peeenrnis ae . ; ; 
Lp(tsscos26)) @ ' Key to Figure 188: 
. 3lzsin2al (2) n, 
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Fig. 188 


The principle of this compensation method consists in the following. If 
both the components of the primary field are received simultaneously and the 
amplitudes of the corresponding signals are equalized after amplification and 
then these signals are added, the resultant signal will be zero with invariable 
geometry of the system. The appearance of the secondary field, the signal from 
which is better defined the vertical component, will disrupt the attained 
party. As a result, the signal of unbalance, which determines the effect of 
the secondary field, will appear at the output of the adding circuit, 

To estimate the possibilities of this method of compensation with the 


. 


variation of the geometry of the system, it is necessary to take into account 
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that the maximum allowed variations of the gondala's drift angle on 
survey route (from the point of view of safe piloting) do not exceed 
+ 5°. The drift of the gondola occurs mainly in the vertical plane, 
determinable by the direction of the flight. Moreover, assuming that the 
parameters m and _] are preset and constant, from formulas (III. 15a) 
we calculate sigie® functions, which determine components H, and Hy, within 
the variation range of this angle from 60 to 70°. The resultsof the 
calculations are shown in Fig. 188, where curve 1 shows relatvonahip 
S(1+ 3 cos 20), and curve 2 - relationship $ & sin 20+) . In the 
assumed limits of angle 9 variations flexure of curves 1 and 2 is 
insignificant, they are practically straight. With increasing angle, 
component His increases, and Hy decreases when the increment rate of 
component Hy is higher than the decrement rate of component Hp Therefore, 
the variation of the geometry of the system affects mainly the magnitude of 
the vertical component. 

Thus in the actual conditions of operation of the apparatus no stable 
compensation could be implemented by the above methods. However, if in the 
compensating system the subtracting signal is the voltage of signal Un» 
generated in the auxiliary field detector by the horizontal component and 
before the addition to maintain automatically the level of this signal equal 
to the level of signal Uy, received by the main field detector, it is 
actually possible to obtain, even with considerable variation of the geometry 
of the system, compensation which is stable and insufficient degree. 

If all these reasonings are applied directly to Fig. 188, there should 
be something like combining of curve 2 with curve 1 (to obtain curve 2"), 
When the bend of curves in the preset interval of variation of angle 6 is 


negligible, they combine with an accuracy sufficient for practical purpose. 


*FPor convenient comparison the relationship shown on the curve is 3 | 4 sin 26 
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To produce this combination, it is expedient to apply the system 
of automatic level control according to the block diagram shown in 
Pig. 189. Here two reciprocally perpendicular field detectors (franes 
PF and P, for receiving, respectively, vertical and horizontal components 
of the field are tuned by condensers . and ad to the operating frequency 
and have similar sensitivity) jointly with preamplifiers YC and YC' are 
placed in the outboard gondola. Signals U,, and U, of the two components of 
the field of the operating frequency are fed to amplifiers Ye, and YC, of 
the compensating system, placed in the measuring part of the apparatus. The 
signal from component Uicareives at the input of amplifier Ye, directly, and 
the signal from component Up - at the input of amplifier YC, through the 
modulus regulator (attenuator) PM. By means of the modulus regulator, the 
signal from the horizontal component Uy = Uf, with the initial geometry of 
the system (e.g., with the drift of gondola angle 6 = o. = 65°), is fixed 
equal to the signal from the vertical component U, = Wg i.e. Ro= Ua 
Let this initial level be "zero" level (of course, "zero" level may be 
chosen also with another initial drift angle of gondola 6). 


Thus, the transmission factor of the section PM is determinable by ratio 


(XI.5) 


Ma ne ee ee a a a ee ge ae ee oe ee ee oe ee 
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The amplification factor of amplifier Ye, is constant and of 


amplifier YC, variable. Amplifier YC. is controlled by converted input 


2 
signals Uypand Upp from differential detector D - D', which could be 
connected in this system in two ways: on the input side of amplifiers 

YC, and xe, (system "ACG-forward", denoted in Fig. 189 by dashes), or on 

the output side of these amplifiers (system "AGC-back", denoted in Fig. 189 
by continuous line). 

Since the system "AGC-back" is a system with backfeed, the effectivity 
of automatic gain control and stability of operation of the AGC system 
considerably increase (121). However, this system is more difficult to 
implement, as with rigid demands for the parity of output signals it is 
necessary to have an additional amplifier Ye, in the control voltage 
circuit ofautomatic gain control. Being the amplifier of direct current, 
it should have a sufficiently high amplification factor and should be made 
up on a balance circuit, which produces output voltage of different polarity. 
In this case, the insignificant deviations of voltages from condition 
y - Uf at the outputs of amplifiers Ye, and we, should be quite sufficient 
for controlling the amplification factor of the adjustable amplifier YC,. 

The problem of the differential detector includes generation of 
controlling direct current voltage, proportional to the difference We Uf 
for the first case and Uy - Ue for the second. At zero level the 
amplification factors of both the amplifiers should be similar and the 
control voltage, generated by the differential detector, should be zero. 
Therefore, when the output voltages u and Up of amplifiers Ye) and Ye, 
respectively, are eyual and the phase shifts of these voltages are similar 


(combined on zero level by means of link RF), there is no unbalance voltage 
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at the output of subtracting circuit BC. Moreover, if after attaining 
compensation the ratio of the amplifier's output voltages changes, the 
lind D - D' should generate controlling voltage sufficient for changing 
the amplification factor of amplifier, YC, to a value, at which the 
output signal of this amplifier would strive to attain parity UP = ue 
To fulfil this condition, the differential detector D - D', as well as 
the adjustable amplifier YC,, should meet certain requirements. 


10, Construction principles of the main nodes in the compensation system 
with the horizontal component of auxiliary receiver of the field. 


The theory and calculations of the AGC systems have been described in 
a number of works (121, 199, etc.). But since the application of the aerial 
induction method is dependent on certain limitations (measurable and 
controllable quantities, the range of their measuring, etc.), it is 
necessary to describe the main links of the AGC systems, applied in 
composite electric compensation. 

The main requirement of the controllable amplifier YC, in both the 
cases of the differential detector's connection is that its amplification 
factor would vary within the required limits with difference of signals 
y- Uf (uy - UP ) not exceeding the allowable, determinable by the 
measuring limits of angle @ . The dead zone of controlling the amplification 
factor of amplifier YC, with low intensity of controlling voltage, produced 
by link D -D', is determined mainly by the intensity of this voltage and 
the dynamics of the AGC system. In the case under discussion it would be 
desirable to have the dead zone not over 0.5-1% of the maximum difference 
(U,)-(U, ). The variation steepness of the amplification factor in 
anplifier Ye, should depend on the level of the controlling voltage and 


should be maximum at the low intensities of this voltage. 


S15. = 
1 “ 
The achievement of ideal parity of voltages U_ and U,, at the 


outputs of amplifiers Ye, and YC, is impossible due to the presence of 


2 
some errors in the differential detector and the dead zone of the 
adjustable amplifier YC,, and also due to errors in other links of the 


AGC system. Therefore, the relative error of automatic follow-up will 


eased 7? aie 7 3 10 =6,% (x1.6) 


always be finite. 

Valje 6 is taken in relation to the degree of compensation, necessary 
for practical purposes, and accuracy in parameter measuring of the 
decompensation signal. 

Now let us analyse in more detail the individual links of the AGC 
system, applied in the method of compensation described above. 

Differential detector D- D', This detector could be mace up, for 
instance, on the circuit shown in Fig.190-b. The circuit is based on a 
symmetrical amplitude discriminator on double triode, a block diagram of 
which is shown in Fig.190-a. Here Ray = R> - resistance of the tube's 
anode loads; Ry - the load resistance of the discriminator and balance 
resistance of the differential detector; D) and Do - the detectors 
(rectifiers) of signals, respectively, from vertical ( 65, R,,) and horizontal 
( 0, R, 9) components, induceable in the field receivers. The initial bias 
on the controlling grids is generated by stabilizer D, connected with the 
cathode circuit. The drift stabilization is implemented by stabilizing the 
stabilizing the resistance Ree in cathode, connected following stabilitron- 

The output voltage of the amplitude discriminator (voltage on 


resistance R,) is determinable by the relationship where Ko = the 


P 
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ifi i f the discriminator, K,,= >—~, . & - The time 
amplification factor o e dis > “ap R; + Rg 
constants of detector circuit U% and of filter That the output of the 


discriminator should be less than the bumping period of the gondola 


ig Sly "9 pT). 


Pe isi ee 
Ue == aR ( U,- U,) & K,,(U,U,), (xI. 7) 
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When YW> uy , the D - D' link should generate controlling voltage of 
positive polarity for increasing the amplification of amplifier YC, upto the 
required magnitude, if vy Ue - negative polarity for reducing the 
amplification of amplifier YC,. At Li aa Ur the control signal should 
also strive towards zero. 

Linear amplifier YC, - The amplification factor of this amplifier is 
selected on the condition that the peak of its output voltage, which takes 
place at O= 70° (see Fig. 188), would not exceed that admissible for working 
in the linear section of the subtracting circuit BC (see Fig. 189) and the 
differential detector (these links should not be overloaded). The dynamic 
range of the amplifier should be higher than the dynamic variation range of 
the input signal (minimum intensity of the input signal is determined at 


@ = 60°). Naturally, the amplitude characteristic of the amplifier should be 
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linear in the given dynamic range. The zero level is taken approximately 
in the middle of the curve's linear section. In everything else, the 
estimate of the amplifier should be in accordance with the operation 
recommendations of (199, 249). 

Adjustable amplifier ¥C.. The amplification factor of this amplifier 


at zero level K o must be equal to the amplification factor X of amplifier 


2 
¥¢C,. In this case, the adjusting, i.e., controlling for amplifier YC, voltage 


Av=t j], - Us = 0. The initial bias voltage is determined at the same 


A 
level. 

If the differential detector is out-in on the input side of amplifiers 
Ye, and Ye, (system "AGC-forward"), the required variation curve of the 
amplification factor in the adjustable amplifier should match the variation 
curves of voltages Uy and ure , which are shown in Fig. 188 by curves 1 and 
2, respectively. This matching is attained by selecting the parameters of the 
amplifier's circuit, in particular its amplification curves K, = (Bg). 


Curve K, =f (E ), matched with curves 1 - 2, can be plotted in the 


following way. On curve in Fig. 19l-a, identical to that in Fig. 188, 
ordinates are drawn through the point of zero level and through a certain 
number of angle © variation degrees (for instance, through two degrees) to 
the point of their interesection with curves 1 and 2. The obtained points of 
intersection which we denote as Asses Ay» Ay» Ag» Ay» Bore zh (on curve 2) 


and Biseees Bas By» Bos By» Baeees Be (on curve 1), will correspond to points 


C., Cc 


© pero Co. Cis QO’ “1? Copeees 


a Cn on the axis of abscissag. Ordinate segments, 


confined between points A, and B, i.e. — oS zo. are proportional 
mon nm 


to the difference between input voltagesAU =U -+ y= 7a ee ay 
v nn nn 


For the given AU value, in accordance with the working principle of this 


method of compensation, there should be the following relationship.. 
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RU, = Koy (xI. 8) 
Hence 
a Es, (x1. 9) 
Koo Pou = 
a h AL ol 
K 
Naturally, for the zero level, when U. = U} , we have = 1, 
Vv A, K Ky 
AtD< Oy , when BOG, 2 C andAU<O we obtain —— <1 with 
a TS K ot 


§> 8 and BL CG > A, ¢,, AU > 0 we get x >. 


Plotting of the adjustment curve of amplification factor YC, according 


to this reasoning given could be implemented as follows: for 0 = Pa) 

K, BL Ch 
from Fig. 19l-a we determine |~>* } = =r - Simultaneously, taking into 
ol n nw , 


account the scale on the axis of ordinates, we find Ua corresponding to the 


K 
given @ . In this way, we determine abscissae AU, and ordinates "a for 


K l/n 
the points of curve ra = f (AU). From this curve, with the change of 


scale on the axis of ordinates, it is easy to pass on to curve and then, 
taking into account, that a ol AU, - to curve Ky = (Eq), which 


determines the sought for curve. 


Ke 
K, =x Ky =f (Av), 
1 
Having obtained the amplification curve Ky = (Ey) and having selected 

the tube for the adjustable amplifier, we determine the resistance value of 
its anode load and the corresponding slope of the load line on the curve 
i,U- In this we should strive to obtain the maximum possible coincidence 
within the preset variation range of control voltage "y of the amplification 


characteristice in amplifier Ye, with calculated characteristic K, 


2:61? = 


The achievement of the highest coincidence of calculated and actual curves 
of amplifiers YC, and Ye, assures a more precise parity of output signals UY 
and Uf of these amplifiers. As a result the relative error of automatic 
follow-up becomes considerably reduced. 

If the levels of both the signals at the input of the subtracting circuit 
are maintained practically equal, the subtracting circuit, also responsive to 
phase changes of the input signals, will react only to the variation of the 
phase ratio between signals from vertical and horizontal components, caused 
by the anomalous field. Thus, the unbalance signal Uwgat the output of 
subtraction circuit BC, proportional to the phase shift between signals hy 
and Uf is the one sought for. When the compensation is almost of 100%, 


the total effect of the secondary field will be defined. The Phasemeter, 


$l 3eas2el=Uy (O Lahdics oe een Ss a Be | | 
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connected at the output of the subtracting circuit (following the selective 
amplifier), will measure phase the shift between the comparative signal, 
taken, for instance, from the master oscillator, and the output signal of 
the compensator. The magnitude of the shift angle is determinable by 
characteristics of geoelectric irregularities in the upper layers of Earth 
in the survey area. 

Since, usually, the vibration period of the gondola is comparatively 
high, it is not difficult to provide the quick-acting circuit of automatic 
maintenance of the compensating signal level at the outputs of the subtracting 
circuit equal to the level of the measurable signal. 

The application of the given method of compensation, besides reducing 
the dependence of aerozgeophysical survey on weather conditions provides 
other advantages also. 

1. The effect of parameter variation of the primary field soure and of the 
distance between the source and the receiver of the field on the stability of 
compensation is considerably reduced. 

2. The effect of vibration noises in the receiving tract on the 

measuring results is reduced. 

3. Cophasal inductions are reduced on the receiving channel. 

4. The effect on the stability of compensation of the non-linear polarization 
of the primary field caused by the metal mass of plane (since it affects 
Similarly both the components )is eliminated,. 


11, Compensation circuits with independent (inner) automatically controlled 
ompensating signal (circuits with AGC). 


The operation of the systems described below is based as in the preceding, 
on the principle of sustaining the compensating signal on the level of the 
measurable and on measuring anomalous variation of unbalance signal (its modulus 


and phase shift in relation to comparative signal). However, in contrast to the 
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preceding, the compensating signal in these systems is the comparative 
voltage, produced by the master oscillator. Therefore, a two-channel 
receiving system is not required(two field detectors and preamplifier) here 
per one operating frequency, nor of the composite compensating system. At 
the same time, these compensating systems permit substantial reduction of 
effect from the variation of the geometry of the system with negligible 
non-linear polarisation of the primary field. 

For these compensation systems, it is possible to apply various 
systems of sustaining the compensating signal at the level of measurable 
(AGC systems). With this the use is mainly of phase anomalies (131). 

Let us take the general aspects of some AGC systems, applicable in 
compensating systems of the induction method apparatus with combined or 
spread out source and receiver of the field. 

Fig. 192 shows two possible versions of the systems, in which principle 
of automatic gain control "AGC-forward" is applied. In the system shown in 
Fig. 192- a , output voltage ‘out of the controllable amplifier RY follows 
the variation only of input voltage Uy amplitude, remaining equal to this 
voltage within certain limits of its variation, i.e. (U J= (U,.) = var and 
f,". = var, touts const. In the system in Fig. 192 - b output voltage Dot? 


im 


remaining invariable in the amplitude, with a certain variation of the input 


voltase, follows only variation of the input voltage phase, i.e. (U } = const 
at es var and foe a var. 


In the system shown in Fig. 192 - a, the direct control voltage of 
positive or negative polarity at the output of detector D (PY-intermediate 
amplifier) is a function of the input signal, i.e. U = t(U,). It controls 
the amplification factor k of the adjustable amplifier RY. With varying 


amplitude of input signal Ue for instance with its increment, the control 
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voltage increases, increasing (or decreasing) amplification of the controlled 
amplifier. Since at the second input of amplifier through modulus regulator 
RM, the input is of comparative voltage Lown the output signal U_{transfermed 
comparative) will either increase or decrease in relation to the amplification 
factor of the controlled amplifier. Therefore, the output signal is a function 
of two parameters: U y= F(U =, ae =F, ({K, Ver In amplitude, this 

gignal with a definite error should aluays be equal to the input signal with 
ite variation within the preset limits, i.e. U = U.. The subtracting circuit, 


tut 


at which voltages Doe U. arrive equal in amplitude reacts only to the variation 


« 


of phase ratio between these signals. 
In the system in Fig. 192-b,voltage U = at the output of detector D 
controls the amplification of adjustable amplifier PY in such a way that the 
amplitude of the output signal remains invariable and independent of the 
amplitude of input signal Us. (Ug const). The initial phase of output 
voltage corresponds to the phase of the input voltage, i.e. n= Pz var. 
Thus, the subtracting circuit receives two signals: Uwe with invariable amplitude 
and varying phase and invariable in intensity, and phase comparative voltage 
U 


Cesnahy 


will react only to the variation of the input signal phase. A more complete 


which in this case is compensating. Therefore, the subtracting circuit 


block diagram of the compensating system is given in Fig. 193. Here IY - the 
selective amplifier; F (FHV) - the phase meter ( phase-detecting voltmeter); I - the 
gauge of measurable parameter. However this system of compensation does not 

aseure the required level of stability of the output voltage of the adjustable 
amplifier throughout the whole variation range of the amplitude of the input 

signal existing in practice (with variation of gondola drift angte © within + 


5°), Hence the application of this system is limited. 


sh en 


Let us consider in more detail the first system of functional resolution 
of analyzed electric compensation to apparatus of induction aeromethod. The 
block diagram of the compensating system (for one operating frequency) is shown 
in Fig. 194. This system permits the measuring, with an error allowed in 
practice, of parameters of amplitude u and of phase Py specified by the 


secondary field signals. 


Ui 
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Fig. 193 Fig. 194 


The operating frequency signal iF =U» received and amplified by the 
receiving system, consisting of receiving frame R, its tuning condenser Cw 
matching cathode repeater KP and preamplifier GY, arrives at the compensating 
system: at one of the inputs of the subtracting circuit BC and at the 
intermediate amplifier PY. From the PY output the signal is delivered to 
rectifier D (detector) for obtaining the control voltage. This voltage controls 
the amplification of amplifier RY, to the input of which from master oscillator 
ZG through the regulator of modulus RM comparative voltage ey fed. The output 
voltage of adjustable amplifier arrives through phase shifter RF at the second 
input of subtracting circuit BC. The required amplitude of compensating signal Uk 
is set by the modulus adjuster, and the required phase shift between the 


measurable and compensating signals in the initial conditions of the apparatus 


activity is set by the phase shifter. 
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The characteristics of elements PY, D and RY, which are being led. into 
the compensating circuit, should be such that the amplitude of compensation 
voltage U at the output RY at any moment of time would be equal to the 
ANplitude of the input voltage Up (with the set error), i.e., the transmission 
factor of node PY-D-RY should at all times be one. The time constant of the 
detector's filter assures the required quick action of the AGC system with 
variations of the input signal, caused by the break in the geometry of the 
system, Experience of working with AHRI-2 apparatus has shown that this constant 
should not exceed 0.15-0.8 sec. Pentod with elongated characteristic is used 
as the control tube. 

In AERI-2 the power of the generating system and the torque of the 
radiating frame determine the density of the primary field, at which in 
normal flying conditions the signal, induced by the vertical component of this 
field in the tuned receiver, is 600-800 mv, at the input of the compensating 
system (after amplification by the gondola amplifier) - 0.6-0.8 v. 

The variations of the amplitude of the signal with disruption of the 
geometry of the system in percentage of the intensity of the signal, specified 
by the primary field at the point of the field detector's initial position 
(angle @= 64265°), for point P, with the reception of the vertical component 
H are given in Table 14. 

According to Pig. 195, the initial phase of the primary field signal on 
frequencies upto 1300-1500 cps varies actually very little, i.e., on these 
frequencies the primary field may be assumed to be linearly polarized. On 
frequency 1949 cps, the variations of the phase, specified by polarization of 
the primary field, are not over 3-3.5°. The curves in Fig. 195 were obtained 
in 1960 from the measuring data of AHRI-2 apparatus, set up on the Il-14 plane. 


The measurements were taken at the speed of flight of 200-280 km/hr, which 


s 
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is equivalent to the variation of the geometry of the systen within 
64 z 5°, With the variation of the geonetry of the system, besides the 
reactive component, the parameter suitable for measuring, as follows from 
Fig. 195, is the signal phase, which with the increasing degree of compensation 


defines itself more clearly. 
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Pig. 196 


The curve, shown in Fig. 196, of phase variation with compensation three 
times the signal of the primary field and with twice-repeated flight along the 
profile with geoelectric irregularities (speed of flight 260 km/hr, altitude 


above the ground about 200 m) confirms the stated assumption, 


a 
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Calculations and practical work with AERI-2 apparatus provide grounds 
to assume that the usual intensity of the useful signal Us is 0.1-0.05 of 
the intensity of the primary field signal Ue Taking Uy = 600 mv, we get 
Uy = yp = 30 - 60 mv. 

If the variations of the gondola's drift angle 6 do not exceed z ha the 
primary field signal varies practically within Bs 25%. Thus, with the initial 
mean value of signal Ul= 600 nv its variations comprise 300 nv (e 150 mv). 

In the background of these variations of the received resultant field signal 
ait is practically impossible to define the useful signal. 

The initial phase of signal U, is determined by the nature of the 
conductive object, i.e., by parameter pa* (98); it may vary from a single 
to several tens of degrees. However, in the absence of electric compensation, 
the apparatus, according to Fig. 171, should measure values B(At) and 


a&(A &), containing respectively a few per cents of the total signal 


and degree unit. Measurements of this type are rather difficult. 


Puc. 197. 
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Let us evaluate the efficiency of this method of compensation by the 
application of the AGC system by comparing vector diagrams, showing the 
simple (see para 3, chapt. XI) and composite methods of compensation (134), 
With this we shall take into account the values of parameters, measurable 
by AERI-2 apparatus, and also the effect of the ground surface with finite 
resistivity. 

Assuming approximately that the ground effect gives the interference 
signal Us, the amplitude of which is about 1/30, the amplitude of the 
primary field signal U,. i.e. Unk 20 mv. Assuming that the amplitude of the 
interference signal UZ does not vary in either case, and the phase shift of 
signal Us in relation to Bs is 90° (the worst possible condition from the 
point of view of interference intensity). 

Simple method compensation with invariable initial phase of the 
compensating volt matched with the initi hase of the primary si 1 
A vector diagram, which accounts only for the ground effect, is shown in 
Pies AOps we vaupiatude: vareutionve?-eienal U,, due to disruption of the 
geometry of the system is : 150 mv Gc 25% U,). The compensation voltage 


: —_ Tt 
here is taken less than U naw pr 


Ye assume that we 400 mv. The 
Measuring apparatus measures the unbalance voltage U (U ; us) and the 
phase angle P P. P,). The diagram shows that, in this case, the 
variation of the unbalance voltage is rather high and that of the phase 


angle not very high. According to calculations, Yes 200 ov, ue = 300 nv, 


u 
UR 


US 


with changes in the geometry of the system, either in intensity or in 


50 mv; R= 0, B= 0°40", Pf, = 2°30', Further, we assume that signal 


40 mv, which has apeared from the anomalous object, does not vary 


phase (Fig. 197 b). Therefore, the measuring is of unbalance signal 


*For descriptiveness the scale of values in the drawing is not fully 


adhered to. 
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Yu (u i un) and its phase shift A f.") in relation to the comparative 
voltaze. The unbalance voltage and its phase shift are subject, with the 
varietions of primary signal U, gue ah panpiee of the gondola, to considerable 
changes. It is easy to become convinced from Fig, 197 b, that the amplitude 
Variations of unbalance voltage U, (u! P uN) are considerably greater than 

those of the useful signal Up. The results of calculations of me and (P (U5= 40mnv, 
U,= 20 mv and also assuming that with U, = 600 mv the angle between U, and 


U is of 60°) are as follows: 
Caw 


P 
UL, MV oseeeeee san 750 600 450 
Us DV cceeeeae aes 371 223 80 
Py cretereeeceeees 3°42' 9°26" ~— 29°40! 


Composite compensation method with the AGC system, A vector diagram, 


which takes into account only the ground effect, is shown in Fig. 197 ¢, 
where Cu) = (u.). According to this figure, the amplitude of the unbalance 
voltage at U, = 600 mv is equal to zero (U, = 0), U', = 750 mv - UL Uy" = 450 ov - 
Us , in which case UY and ur are considerably lower than Use Simple 
calculations show that U = 4.8 mv, and US =5.1 mv. But the phase shifts of 
unbalance voltage U.vs. comparative voltage vary considerably. It may be 
assumed that the obtained intensities of unbalance voltage almost correspond 
to the sensitivity threshold of ASRI-2 apparatus and are practically the 
same as the noise level. Therefore, even sduataasetys increments of angles 
and changing the geometry of the system will not affect the measuring results, 
since in this case the phasemeter will not operate. 

With the appearance of useful signal U, (Fig. 197-a) the receiving 
frame perceives signal Up ,» and the apparatus measures the amplitude of 
unbalance voltage u, (ur , us ) and the phase shift P. (P’, p), The amplitude 
variation of voltage BL has very little effect on the variation of the 


unbalance signal and its phase and this is important -~ signal U. differs 
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little in amplitude from the useful signal U,,. 


The intensity of signal U is determined from relationship 


Bh 8 
Ve eo Yup te - ply cos XK , (XI. 10) 


where Ko the amplification factor of the subtracting circuit; A - the 
phase shift of Up signal vs. U, signal. 

It is easy to note that the phase shifts of the unbalance signal 
are considerable, which permits their fixing with more assurance. With 
the variation of the phase shift between signals Up and U. , due to the 
appearance of useful signal Uo the measurable angle p. between comparative 
AC compensating ) and the measured Uy signals is determined from the 
equation obtained by resolving the oblique-angled triangle, formed by 


vectors U Up and Uy (Fig. 197-a) vs. angle ef (74): 
A gi 
P= arctg I. sin 2 ’ (XI. 11) 
where a — the oo ration of the resultant Up and compensating Ue 
U 
P 
signals, a = Gy » i.e., factor a characterises the degree of difference 
Ux 


between these signals in amplitude. 
From formula (XI. 11) it follows that angle pis greater than angle 
& and increases if a—»l, i.e., when (Uy) (U,). The last condition is 
provided with the increment of sensitivity of the compensation system and 
the decrement’ of error in the automating control of the AGC system. 
Given below are the results of calculating values Un and Pat 


a U. = ° 
vu, = 40 mv, 3 20 nv: 


UL: MV se-eeeee 750 600 450 

U MY dives ewe 34 35 41 
Ore, Dans Osns 

px eserves ees 91 16 91 38 92 30 


Comparing the diagrams shown in Fig. 197 and the calculation data 
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of values U, and Y) for both the discussed methods of compensation, it 
is possible to be convinced that compensation with the AGC system has 
certain advantages in measuring the amplitude of the unbalance signal 
(amplitude parameter). Moreover, in this case, it is possible to give 
an approximate quantitative evaluation of the secondary field signal 
also, since the amplitude of unbalance signal U>y does not differ very 
much from the amplitude of useful signal U,. But the amplitude variations 
of the unbalance signal with disruption of the geometry of the systen 
are not very high, being on an average 17-20% (in the first of the simple 
compensation methods with similar conditions for the geometry of the 
system the amplitude of the unbalance signal varies 4.5 times). 

The given estimates correspond also to other values of U, signal, and 
with the lower interference signal Uz, which may often have place even 
with a smaller variation range of the geometry of the system, the variations 
of Uy signal will also be less. Analyzing the calculation results of U, and 
P. in the composite method of compensation, we come to the conclusian that 
the variation of the unbalance voltage phase shift 4? with bumping of the 
gondola is on an average 37'. Actually, this is a very low variation in 
comparison with seven to eight times greater variation of the phase shift in 
the first simple method of compensation. However, if angle A between signals 
Up and Uy is high (several degrees), and its relative variations with 
variations. of useful signal U, are low, there will be no gain in measuring 
the phase parameter, and the “amplification of the phase shift", determinable 
as ratio (74), is not a decisive factor in this case. The main 
criteriion for the expediency of measuring the phase parameter for the 
compensation system discussed is the quantity . However, in the given 


case this quantity remains very low. 
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12. Principles of building up main nodes in compensators with the 
AGC system, 


Compensation systems, in which the AGC principle is used on condition 
that us = Ue = var, could be implemented in the apparatus of various methods 
of aerial electric prospecting. The selection of the system is necessitated 
Mainly by the method of controlling the adjustable amplifier and the type of 
radiotubes applied in this amplifier. 

The block diagram of the compensator, in which the adjustable amplifier 
is made up on tube 6K3 with third grid control (131), is shown in Fig. 198, 
where the only nodes shown in detail are those not present in AERI~2 apparatus. 
The initial negative voltage on the third grid of 35 (248), is generated on 


resistance R,, of divider Ri Ruy which at the same time serves as divider 


14 
for the second grid voltage. The initial method of operation is made more 
precise by adjusting resistances (R15 for voltage adjustment on the second 
erid and Ray - on the right grid). Working conditions of tube 6K3: EB, = 240 v; 
Ry = 27 k-ohm; Uy, = 120 v; Tao mas "4 = -35 Vv; fT = -5.5v. Used as 
detector (rectifier) of the control signal is diode D2E, cut in through the 
cathode repeater at the output of the intermediate repeater with amplification 
factor K 2725. The operating conditions of the rectifier (C,, Re - Ro» c,) 
are so taken that the average value of the output voltage would be equal to 
the virtual value of the initial alternating voltage within the range of the 
jatter's variation 5 - 40 v. The output voltage of the adjustable amplifier 
could either be taken off either the whole anode load Ras: or its portion 
depending on the ratio taken between the intensities of the comparative 
signal and the input voltage U.= UL. 

Investigation of control voltage detector consisted in more precise 


determination and matching in its circuit of parameters which were meant 


to assure the maximum possible linear section of the detector curve and 
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also that in the same scale on the coordinate axes of voltases UL. eg) and 
Mutt e? slope of this curve in relation to the indicated axes would be 45°, 

In the investigation of the detector, a diagram of which is shown in 
Fig. 198, a detector curve was obtained (Fig. 199), which meets the above 
reauirements. Since the detector in question gets cut in at the output of the 
intermediate (linear) repeater through a matching cathode repeator, the 
latter must assure practically without distortions the transmission of the 
whole variation range of the intermediate repeater output voltage (from 0 to 
40 v) at the peak value of the transmission factor. To meet this condition, 
the bias voltage to the controlling grid of the cathode repeater is fed from 
the divider cut-in to the circuit of anode supply source, Experiments have 
shown that the transmission factor of the cathode repeater at high signals 
(20-40 v) is 0.97. ’ 

The diagram investigation of the controlled amplifier included the 
determination and matching of parameters, which would assure obtaining the 
amplitude curve of this stage, satisfactory for the problem of the controlled 
amplifier in maintaining the level of its output voltage at the level of 


input voltage (with a minimum error) with variations of the input and 


comparative voltages within the preset limits. 


Opox= Us +3008 


Fig. 198 
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Fig. 200 shows the experimental amplitude curves of an adjustable 
stage worked out on a model at various intensities of input Us UL, and 


comparative U,. voltaves. The curves show that the adjustable stage assures 


comp 


a sufficiently linear maintenance of the output voltage level at the level 


of the input voltage with the latter's variations from 0.3-1.2 volt and 


¢ 


with ( JU = 0.4 ~ 1.0 v. Quantities U U_ ,and U which determine the 
( C ) 4 Vv. Qua es Comp, ok D,’ Ww 


curve, are interconnected by relationship U U4 = KU es where k - the 


proportionality factor for the given circuit, equal to two. 
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The amplitude curve of the whole AGC system, encompassing the 
intermediate repeater PU, the detector and adjustable Cascade on tube 
6K3, is shown in Pig. 201. It makes it possible to assume that the error 
of sustaining the level of the output voltage at the level of the input 


voltage does not exceed 5% with the variation of the comparative signal 
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within limits 0.4-1.0 v, which, in the given systems, Carries out the role of 


compensating voltage UL. 


Thus, the discussed AGC system permits the assurance, with an error 
upto 5%, of automatic maintenance of the output voltage bout = v at the level 
of the input voltage U, you, with the latter's variations within the operating 
range 0.3-1.2 v and with eon re v. The output voltage of the sub- 
tracting systen ov, of this level arrives at the amplitude and phase gauge. 

Fig.202 shows the block diagram of another version of the compensating 


system, which assures compensation by amplitude in a range of signal variation 


wider than the above system (129). 


50MB- 18 


Up=50MKB-20M9 (5 u8-100MB- 
5008-108 


Fig.202 


Assuming that the amplitude variation range of the resultant field 
signal at the input of the gondola amplifier es 50 microvolt-20 millivolt. In 
this case at the input of the measuring unit with the amplification factor of 
the godola amplifier GMK - 100 the measured signal U_ will vary within the 
limits 5 mv-2v, i.e., its dynamic range equals 400. It is obvious that to pro- 
vide the required depth by simple methods and systems, the stability and preci- 
sion of compensation with such a high variation range of the input signal does 


not seem to be 


29> = 
Possible. Therefore, at the input of the compensation system an 
attenuator A has been provided with ratio of division 1 ; 10 and 100 
with the following variation ranges of amplitudes of the input signal 
5-100 mv; 50 mv-l v; 500 mv - 10 v. Automatic compensation is provided 
for within the variation range of input signal equal to 20 (about 26 db). 

From the output of attenuator A signal v = 5 - 100 mv is fed to one 
of the inputs of the subtracting system BC and to the intermediate 
repeater PU, the amplification factor of which K = 400. At the input of 
detector D, the signal varies from 2 to 40 v, thereby assuring linear 
section of detector curve for the adopted variation range of the input signal. 
In this diagram detector D and filter F are identical to those in the diagram 
in Fig. 198. At the output of the filter is a constant divider (not shown 
in the diagram), assuring the reduction of the control voltage to 
0.5-10 v (ratio of division 4), This voltage ia required for the control 
of the adjustable amplifier RU. 

The adjustable amplifier also receives comparative voltage US ap! the 
amplitude and phase of which are controlled by the governors of modulus RM 
and phase RF. Moreover, the adjustable amplifier receives initial bias 
voltage BE Lof positive polarity. The adjustable amplifier is made up on 
the double triode 6N1P with sufficiently high resistances of anode loads. 
According to the data of (248), this assures good linearity of the 
amplitude curve with variation of negative bias voltage from 0.5 to 10v. 

It can be asserted that it is possible to obtain: | the amplification 
factor of the adjustable amplifier, linearly increasing with increment of the 
input signal in the range of 26 db, with variation of bias voltage on the 
control grid from -1 to -10.5 v. To make sure that the indicated condition 
is obtained the control of the RU amplification factor is effected by the 


control voltage E_ = +(0,5-10)v, delivered to the control grid of the tube 


c 
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in the presence of initial bias voltage yas positive polarity, with 

11 v for the given system and fed into the cathode circuit of tube 6N1P. 
The resultant negative control voltage - ay » active between the cathode 
and the triode grid, is generated by the difference of the following 
voltages: invariable initial bias voltage Poet positive polarity and 
varying control voltage a also of positive polerity. 

A diagram of the adjustable amplifier is shown in Pig. 203. The 
elements of the system, for instance, resistances R, and R of the anode 
load, and the mode of the amplifier's operation are so matched that with 
the variation of control voltage, which fully reflects the amplitude 
variation of the input signal 0’ » and with ee a 5 mv, there is the 
required intensity of compensation voltage (5-100 mv) with accuracy of 


the automatic follow-up, acceptable for practical purpose. 


2 


Fig, 203 


The source of anode and filament supply for the RU system 
correspond to the input of voltages to compensator AERI-2 apparatus 


(330 v stabilized anode voltage, 6.3 v of direct current). The source 


= 392: = 


of the direct bias voltase is stabilitron D, type D~811, connected with 
the lower arm of the anode supply circuit divider R-Re. The use of 
stabilitron as the bias source and its setting in the cathode circuit 
Make it possible actually to exclude reversefeedback on direct current. 
This makes the amplification factor of the adjustable amplifier 
independent of the active inner resistance of the bias voltage source, 
cut in to the cathode circuit. Non-presence of the reverse feedback on 
alternate current is specified by the connection into the cathode circuit 
of by-phase capacitor Ce of sufficiently high capacitance. 

The analysed control system permits practically total exclusion of 
the reciprocal effect of two individual sources of voltages, applied for 
the control of the AGC system. 

At the RU output is a divider Riy - Rio of the output signal, by means 
of which the required amplitude of the compensating voltage U is set 
(the amplification factor of a two-stage adjustable amplifier with 
optimum anode loads, at which the linearity of the amplification curve is 
assured, considerably exceeds that required). By means of variable 
resistors Ros Rio and Gs the initial adjustment of the RU system is attained 
and also its tuning during the changing of the tube. 

To investigate the RU system with a high dynamic range of adjustable 
quantity, the choice was of the anode load of the amplifying tube, its 
mode of operation, also the method for controlling the amplification factor. 
In the final estimate of the RU system, determination was made of its 
Ue mE ) curve at U. = const, its non-linearity and the effect of tube 
changing was defined more accurately. 

To carry out automatic gain control of the compensating signal within 


limits 5-100 mv with accuracy not below 5%, the anode load of each triode 


in tube 6N1P was taken as 91 k-ohm with controlling voltage 0.5-10 v, 
supplied to the tube's cathode circuit. According to the dynamic grid-plate 
characteristics of the triodes in tube 6N1P, the amplitude curve of RU on 
resistors is sufficiently linear within the measuring range of the input 
signal (hence, the bias voltage also). It should be mentioned that the 
dynamic range and linearity of the RU curve depend on the intensity of 
voltage of the anode supply source. Satisfactory automatic control may be 
obtained with anode voltage 330 v. 

Resistors R, - Re of the divider for the source of direct bias voltage 
of positive polarity were taken so as to obtain the working current of 
stabilitron not less than twice the minimum stabilization current of 5 ma 
and the voltage drop on resistor Re about 15-20 v. In this case, stabilitron 
D-811 provided sufficiently high stability of the initial bias voltage 
Boru v with the anode current variation of each triode in tube 6N1P 
from its minimum at the highest negative resultant bias voltage of 10.5 v 
to 2-2.5 mv at ~lv. The divider resistors Ram Ris were taken with the 
object of obtaining the required ratio of division (1:4) and of possible 


adjustment of the control voltage within negligible limits. The latter is 


provided by variable resistance Ris: 


vies Uebioubesminsiee iets rae 


sy ‘a 
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The source connection of the initial bias voltage into the 
cathode circuit of the tube provides an ideal galvanic separation of this 
source from that of the control voltage. Therefore, parameter variation of 
one of them does not affect the second source of voltage. 

Fig. 204 shows how the experimental curve of the adjustable amplifier 
Ue (E_) combines with calculated for a case, when Pe 5 mv = const and 
E = 330 v (continuous line 1). According to calculations, non-linearity 
does not exceed = 3%, The change of the RU tube slightly increases this 
divergence (dash line 2 - average RU curve with the change of tubes). By 
an appropriate adjustment of the system, curve 2 could be combined with 
curve 1. 

The subtracting system, the phase shifter, the attenuators, the 
aperiodic amplifiers and other nodes and elements of the analyzed 
compensation system,which are common for the simple and the composite 
methods of electric compensation, were not investigated in addition. 


13. Reduction of effect of the variation of geometry on the stability of 
compensation by means of addional field sources and detectors. 


In USA, several modifications were worked out for the apparatus of the 
induction aeromethod of Schemes for composite electric compensation, based 
on the use of additional receivers or auxiliary sources of the field. By 
means of these elements it is possible to obtain a compensating signal equal 
in magnitude to the increment of the primary field signal from variations 
of the initial geonetry of the set-up. In the compensation schemes, this 
signal is subtracted from the main signal, thereby making the measuring 
results independent of the slight variations of the geometry of the system 
and subsequent deep and stable electric compensation of the primary field 
signal (181). 


Let us analyze in more detail some of the compensation methods, which, 


as a rule, reduce or eliminate the disturbing effects, emerging with the 
slightest variations of distance between the field's source and receiver, 
and also with their reciprocal slight angular shifts. 

Fig. 205 shows schematically plane 1 with the outboard gondola 2, 
towed by cable 3. The line of motion of the gondola coincides with the 
flight line of the plane. Set up inside the plane is the oscillator 4, the 
energizing oscillating frame 5, placed on special brackets in the nose part 
of the plane and having a horizontal magnetic moment. The primary magnetic 
field is excited by the ore body 10. The receiving frame 6 is set up in the 
gondola. The second oscillating frame 7 is placed in the tail part of the 
plane and gets the energy from oscillator 4. Axes of frames 5-7 lie on one 
straight line. The oscillating frame 7 generates compensating voltage on the 
receiving frame and excites the ore body. Thus in the receiving frame is 
induced a signal, specified by the primary field of the main supply frame, 
compensating field of the oscillating frame 7 and the secondary field 
from the ore body. The resultent signal of these three separate fields 
is amplified by amplifier 8 and delivered along a cable from the gondola 
to measuring unit 9. A diagram of frame arrangement in the given set-up 


is shown in Fig. 206. 


The following definitions are being adopted: ', - the magnetic 
moment of frame 5; MN, ~ the magnetic moment of frame 7; tT - the 
distance between frames 5 and 6; ro - the distance between frames 7 and 


6; H,- the primary field intensity on frame 6, specified by frame 5; 


1 


A, - the compensating field intensity on frame 6, specified by frame 7; N - 


the number of turns in frame ; Yy and vy - voltage, induced in frame 6 


by H, and A, fields respectively. 


1 


MB Me 


We then get 


-3, 
A = CMT) ’ 
sone 
fC Mens (XI. 12) 
Y = KNE, ; 
U, = KNH,, (XI. 13) 
where C_, C., K = constant. 


Lt 2 


Magnetic dipoles M, and MN, are opposing and directed along the axes 


1 2 
of frames 5 and 7 (see Fig. 206). If centre Py of frame 6 is at considerable 


distance from centres PL of frame 5 and Ps of frame 7 and C) = Cos the 
fields Hy and A, are opposing in direction. 
Voltage U, is proportional to H,, therefore, a slight variation of 


1 1’ 


rT) distance due to stretching or bending of the cable, the temperature 
effect on carrying construction vary the Ey and vy intensities (there are 


eifher pseudoanomalies or distortions of true anomalies). However, if E., 
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and Hy are opposing, and U, and vy are in phase opposition and vary to 
the same extent with r) variations, errors of this type could be eliminated. 


If ry and Ps values are high in comparison with the difference 


between then, ry variation is associated with equal variation of Toys If 


ry variation is caused exclusively by the elongation of the cable, the 
ry and ry values vary practically similarly. 


In order that the U, and U, values would vary similarly, the 


z 


following condition should be satisfied. 


aH aH 
ee eat 
1 2 
i.e. 
ees 4 nwt 
-30,M,rj" = 30, r.". (XI. 15) 


Substituting in equation (XI. 15) the H, and A. values according 


to formula (XI.12), we get 


~1 -1 
Therefore, 
H, r ' ) 
ieee: XI. 16 
Hy Ty : 
U Le ry 
—*— 2 =< + (XI. 17) 
1 ry 


Thus, from equation (XI. 15) it follows that the Magnetic moment 


of compensating frame 7 will be 


and since C) = Cos 


| ore M. . (XI . 18) 


2 


The field of compensating frame 7 reduces the effective intensity 
of the primary field from the energizing frame 5, but the higher accuracy 
in measuring of the anomalous field warrants this loss. For instance, if 


the primary field H, and the compensating 


Py = 0.8 rs H, = -0,8H,, 
field H, generate in the receiving frame the resultant field signal, the 
intensity of which Hq, + H, = 0.2H, 7 


In the ore body, which is practically at the same distance from the 
energizing frame 5 and compensating frame 7, occurs generation of the 


magnetic field, the intensity of which 


0,8r, 4 
M, +My = M, - as M, = 0,5904 M, . (XI. 19) 


The subsequent electric compensation of the primary signal in the 
measuring unit considerably increases the sensitivity of the set-up to 
field anomalies. 

A diagram of another set-up, for which the above terms and 
deductions hold true, is shown in Fig. 207. The receiving frame with 
a vertical axis is placed at point P,. If the frame is in the gondola, 
it may shift in relation to the energizing frame (dipole), located at 
point Pie i.e., approach point P, - This angular shifting is less reflected 
in measuring results in the presence of the compensating frame, located at 
point Ps. If the field density at point Ps increases the increment of the 
signal in the receiving frame, generated by the primary field, gets 
compensated by the increment of the signal, generated by the compensating 
field of frame 7. The effect of angular shifting is more noticeable when 
the M moments of the energizing and compensating frames are not opposing 


and are not directed along a line joining points P, and P, (see Fig. 206) 
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or if they are neither opposing nor perpendicular to this line (see Fig. 207). 
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Fig. 207 


If the gondola cable is fixed on the plane closer to oscillating 
frame 7 than to frame 5, the downward movement of the gondola reduces to 
some extent distance Ty: whereas distance Tr, remains almost unchanged. 
This should cause the effect of the primary field Hy to be higher than 
the effect of the compensating field Hs However, in the same conditions 
angle & (see Fig. 207) increases faster than angle 8 » aS a result of which 
the effect of the compensating field is higher than that of the main 
primary field, 
Similar reasoning holds good also for the case in which the gondola cable 
is fixed on the plane closer to frame 5 than to frame 7. 
to points ?. 


The closer is point P and Po the greater is the 


2 1 
probability of angular shifting and appearance of pseudosignals due to 
the variation of distances Ty) and tT, and of the angle & and B . Therefore, 
it is desireable that the distance between the main energizing frame and 
compensating frame should be small in comparison to distance ry (for 
instance, 15 and 90 - 120 m). 

It would be possible to reduce the effect of angular shifting of frame 
6 vs. The oscillating and compensating frames by the application of three 
receiving frames with reciprocally perpendicular axes. In this case, each 
receiving frame is sensitive only to one of the fields components, 


moreover, the main receiving frame 6 is meant to receive the highest intensity 
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component of the primary field, which most often corresponds to the 
highest intensity component of the secondary field. Signals from the 
three receiving frames get transmitted into the measuring unit through 
the quadratic addition system, by means of which the square root is 
extracted from the sum of signal squares of each frame. In practice, when 
the angular shiftings of the receiving frame are not high (XK <10°) and 
when, for example, component H, of summarized field H is high in comparison 
with components aay z » it is possible to assume 
He H? 

mloma 45 a ig = . 

By applying compensation frame 7 the effect of induction currents in 
the metal parts of the plane also is considerably dampened since the 
field of the compensation frame strives to destroy the primary field (in 
particular between frames 5 and va oe Therefore, it would be expedient to 


set up frames 5 and 7 in the nose and tail parts of the plane. 


A diagram of the set-up, which is not affected by distance variation 
between the source and receiver of the field, is shown in Fig. 208. Here 4 —~ 
oscillator, 5 oscillating frame, 6 - main receiving frame; 7' - compensating 
receiving frame. The signals from frames 6 and 7', cutin in opposition, are 
delivered through amplifier 8 along the cable 3 into the measuring unit 9. 
Frames 5-7' are set up on one horizontal axis. Here, as was the case in 


the first scheme, variations of voltage Ul, caused by variation of Th, get 


au aU 
compensated by equal variations of voltage U5 in frame 7', if Fr = — 
pee en er ee . 
aeGs U te r 7 


pam 4 1 
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To obtain the best results, each receiving freme should be 
replaced by three frames with reciprocally perpendicular axes. It is desire- 
able that with this scheme of compensation the measuring unit would permit 
recording separately the active and reactive components of the residual 
signal..- 

It should be mentioned that the motion of gondola up and down vs. the 
plane is less probable, if the gondola is at the same elevation as the 
plane and has wings, which are set up so as to obtain variable and 
adjustable angle of attack. But if the gondola flies at an altitude 
different to the plane, the frames 5-7 (5-7')} should be so set up that 
their axes would be in vertical plane and, moreover, they should be 
colinear or perpendicular to the line passing through their centres 
(points P,-P, in Fig. 206) . 


14. The main conclusions and recommendations for the compensation of 
rimery fields d si « 


The analysis of the simple methods of electric compensation of the 
primary field signal shows that in the real conditions of geophysical 
survey not one of them is capable of excluding completely the effect of 
variation of the geometry of the system. Only in the case of non-polarised 
primary field, regardless of the system adopted, increments of the 
prinery signal from disrupted geometry of the system have no effect on the 
reactive component of the measured signal. The more composite schematic 
resolution in the first simple method of compensetion (application of 
phase-sensitive voltmeter) says for itself by the increased stability of 
the components measuring channel egainst noise: . 

Therefore, when using the simple methods of electric compensation 
the most acceptable measurable parameter, reflecting in its entirety the 
veriztions of the useful signal, is the reactive component of the 


decompensation signal. This component should be recorded in the apparatus 
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of the induction aeromethod, meant for geophysical mapping. With the 
measuring of the reactive compenent , the stability of the measuring 
unit against noise increases. Ip, the search for purely ore objects, 
the active component should also be measured. 

The composite methods of electric compensation, like the induction 
aeromethods of the second class, are applicable in relative geophysical 
determinations. The second of these methods eliminates the effect of 
the variation of the geometry of the system and may be applied in 
elliptical polarization of the primary field (caused by the metal mass of 
the plane). The first and third methods considerably reduce the effect of 
variations of the geometry of the system only with the linear polarization 
of the primary field. The third method, as the simplest and most rational, 
may be recommended for practical application. 

Appropriate parameters of the AGC system and its components, in 
perticular the edjustable amplifier, are selected in relation to the 
magnitude of the input signal and its varietions. Therefore, the functional 
system of the third method could be applied for the compensating systems 
of the epperatus in verious versions of the induction ceromethod, where 
the oscillating end receiving frame are combined, i.e., when the vsriations 
of the geometry of the system are negligible. In this case, a deep and 
stable compensation of the direct signal is quite assured. 

Every system of the composite method of compensation permit recording 
(the intensity and phase variations of unbalance signal, caused by the 
varying signal of the resultent field due to variations of the secondary 
field signal). However, in the third system of the composite compensation 
method, the amplitude of unbalance voltage even with comparatively high 
variation of the primary signal differs relatively little (by about 2048) 


from the amplitude of the secondary field signal. Therefore, the 
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determination of the amplitude parameter, i.e., the amplitude of the 
unbalance signal, substantially increases the resolving power of the 
induction aero method with the bumping of the gondola; while the determi- 


nation of the unbalance signal phase shift in this system is tnexpedient. 


If the set-up of the induction aeromethod provides for the use of t he 
outboard gondola, which moves along the same flight line as the plane, 
geometry application of compensating sources and receivers of the field 
should be made for the exclusion of the effect caused by the variation of 
the initial stt-up. The additional electric compensation of the primary 
Signal in this set-up should be carried out by the first simple or the 


third composite method. 
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CHAPT. XII — RECORDING OF NGASURABLE PARAMETERS 


# 
1. SKethods and systems of parameter recording. 


Uptil now the outhat quantity to be recorded in the apparatus of aerial 
electric prospecting is inveriably the voltage (current) at the output of the 
measuring system. Therefore, the most popular recording devices are the 
recording galvaroneters of various types and the systems of follow-up contact 
transfornation - automatic potentiometers (in USSR ~ galvanometers SG-17, 
SK-100, pofentioneters ubt-01, LPF-09, PS-1-01, etec., in other countries— 
devices "Brash", "Sunborn", "Gulf"). 

The output quantities of recorders are usually marked as a segment of 
a straight line or a section of the are of a circumference. For the determination 
of numerical values of the measured parameters it is naturally necessary to 
read off or to process the obtained results. Hore convenient in form are the 
results of recording in the shape of curves on the diagram tapes*. The 
diagram is a document, on the basis of which it is possible to judge the 
correctness of the operator's actions and also of the good working order of 
* the epparatus itself... 

The recorder consists of two main parts-the recording element and the 
carrier. The recording element activates the carrier, leaving on it signs 
(symbo1s) of recording, showing the measured quantity. The methods of 
activation of the carrier by the recording element could vary and they are 
frequently defined as recording methods. The following three methods of 
recording are used in aerial electric prospecting. 

The first method - the recording is by pencil, ink or printing. The 
most popular is ink; the carrier is the paper. 


Second method (less popular) - electric sparking, electrochemical 


method, magnetic recording, electronic rays, etc. are applied. 


“Similar recorders are denoted in literature as the analogue type. Another type 
of Wie widely applied in technique are digital recording devices (50, 164, 
205} 
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In the third method recording is on paper, covered by a layer of 
Wax, scot, etc. This method is also applied in aerial electric prospecting 
in other countries. 

The recording is either single-channel or multichannel. The natural 
result of the non—aveilcbility of standard special multi-channel recorders 
is that the apparatus of almost all methods of aerial electric prospecting 
has its own specific multichannel* recorders or single-channel recorders, 
converted into several channels**. The principles of their operation and 
construction characteristics are described in (5, 263) and in other works. 

the most popular in aerial electric prospecting are the recorders of 


complex quantities (RC&), erected-on the basis of phase discriminating 


detection (FHD) (94). 
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If all the RCQ executed on the FHD phase and epplied in electric 
prospecting were classified (94) according to their coordinates or the 
recording method of measurable quantity (Fig. 209), operation of the 
analysis of RCQ@ systems would be considerably simplified. I, the present 


case, the method of direct estimation assumes direct measuring end recording 


*In standard recorders of the follower type the reconstruction is usually of 
direct current amplifiers with mixers, slid resistance are rewound, imprinting 
mechanisms of the measuring range, time breaks, bench marks on profiles, etc, 
are added, 

#*For instance by combining two or three recorders of SG-17 type (234). 
#**Compensation measurements, which are the measuring principles of the 
recorders themselves, are not taken into account. 


- 549 - 


at the FHD output***; compensation method - compensation of the measurable 
quentity at the #HD input; quasicompensation - compensation of one of the 
quantities upto a certain constant velue, for instance, comp@nsation of the 
phase at the FHD input g,* 90° by means of the follower phase shifter (3s, 
94). The systems of FHD, the properties of which were discussed in detail in 
pera 4 of chept. X, make it possible to measure and record investigation 
parameters in the rectangular and polar coordinates. The systems of recorders, 
executed on the FHD base permit the carrying out of recording in combined 


system of coordinates (rectangular and poler, simultaneously) (89). 


seme ee Re a pw men = 


Fig. 210 Fig. 211 

The RCQ systems are composed of the following nodes: the phase- 
discriminating detector, LF filters, the source of stabilized voltsge (ISN), 
the amplifier with mixing (UP), the reversive motor (RM) with reducer (R). 
The operating principle of the RC systems can be illustrated by two examples. 
Fig. 210 shows the block diagram of the recorder, meant for the recording of 
components by direct reading at the FHD output. Voltage AU at the output of 
FHD gets recorded by meens of the follow-up system in the automatic compensator 
of the direct current. For this, the voltage AU is prefiltered in FHD and 
fed as voltage AU' to the circuit of the amplifier with mixing UP, at the 
input of which the compensating voltage U, from the ISN arrives simultaneously. 
Difference AU- U , transformed into variable voltage, gets amplified in 
UF and controls the rotation of the reversive motor until the difference is 


reduced to almost zero level. I, this way the recording itself of AU voltage 


= D2 = 
is carried out by the compensation method. 
The phase recorder operztes in the following way by the quasicompensation 
method (Fig. 211). AU voltage, appezring due to the phase shift between 
signals Up and Uy » pesses through FHD, gets transformed into variable voltage 
end, amplifying in the UP block, rotates the reversive motor. The slid 
resistence in the system of even phase shifter F rotetes until the phese shift 


of Ue and Uy volta:es at the input will be 90° (A te0) . 


u 
7 


Fig. 212 Fig. 213 
Thus, it may be assumed that the main problem of the follow-up system 
of the recorder is the reduction of vectors at the-FHD input to a phase 


shift of 90° by means of the even graduated phase shifter. 


Recorders in rectangular coordinates. Fig. 212 shows the block diagram 


of RCQ of the active and reactive components by the direct estimation method. 

The recorder P—A (R) records, respectively, either the active or reactive 

components. The phase shift at 90° is carried out by means of phase inverter F, 
Recorders in polar coordinates. The quasicompensation method of recording 

in poler coordinates is illustrated by the block diagram shown in Fig. 213. 

The task of the follow-up system of the phasemeter P- Pis to provide at any 

moment at the FHD- Y phase shift between Ue and U6 voltages of 90°. The 

necessary condition for normal operation of the amplitude recorder P-N is 

to provide at ae moment by means of additional 90° phase shifter, F~2 


zero phase shift between vectors of the measured U, and the comparative U8, 


signals at the tHD-I input. This is elmost elways assured during the 
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operation of the follow-up system of the phase recorder p_) except at 
moments of very quick time veriations of the phase, which ere too fast 
for the follow up system of the phase recorder. 

Recorders in combined system of coordinates, The block diagram of RCQ 
by direct estimation is shown in Fig. 214. The active component of U signal 
is measured and recorded at the out-put of *HD-A by means of recorder P—A(li) 
in position A of switch P-1. The reactive component of Ug signel is mexsured and 
peoorded at the output of FHD-R by means of recorder P-R( @) in position R 
of switch P-2. The phase shift of 90° at HHD-R is provided by the phase shifter 
F-1. Simultaneously signals at the output of FHD-A and FHD-R are transformed by 
two transformers Pr-l and Pr-2, on frequency F of generator h of rectangular 
pulses, Signals, obtained as a result of this transformetion, arrive at the 
circuit of quadratic summation SS (55), at the output of which is the cut-in 
amplifier, selective on frequency F (Iu). 

In work (53) it is shown that in this circuit the signal at the output of 
detector D, connected after IU, is directly proportional to the amplitude of 
measured signal Ue. Therefore, in the position N of switch F-1, recorder 
P-A(i) can record the amplitude. The phase is recorded by phase recorder p-R( P J 
constructed on FHD- base with both the signals being limited by means of 
limiters 0 type at its inputs. In the position Qof switch P-2, the recording 


is of phase angle ~. 


Pue. 214. ! 


Fig. 214 


- 552 - 


2. Properties of KRCQ of quasicompensation method of measuring. 

The block diagram of the phase recorder by the quasicompensation method 
of measuring is shown. in Fig. 215. The quality of the recorder is clearly 
defined in the analysis of its follow-up system with the actual curves on 


linear model (88, 89)*. Here are equations of individual units of the system: 


Us cUL @; (XII. 1) 

(1,p* +7,P +1) Ub=J; (XII. 1a) 

UL = K ud ; (XII. 1») 

P(t, P + 1) Gy, = Ka Uo (XII. 1c) 
Qn 

tbs i (XII. 14) 
2 wl 


Pt KO ; (XII. le) 


where U - the voltaze at the FHD output; C - the factor of FHD parameters; 


Y = ?.- P with low displacement angles ?.- i x + PtP; Ty, 


(also T,) - the time constants of transmitting function A (r) of VHD, 


determin-able from filter parameters, sec; T, = TT - the product of time 


constants, sec’; U, - the voltage at the output of LF filter; Ky es - the 


f, 
amplification factor and voltage, respectively at the output of the amplifier 


with mixing; T,, - the electromechanical constant of motor; Q.- 


ee the angular 


shifting of motor; i - the reduction factor of the reducer ; Qe the angular 
shifting of the reducer's outlet axis; Kep- the proportionality factor of 


phase inverter. 


*In the deduction An@ differential equation for reversible motor it is essumed 
that the system's moment of resistance reduced to the shaft is not present end 
that the value of the electromechanical time constant of motor T accounts for 
the moments of inertia of motor end pulley. In the deduction of LF filter 
equetion it is assumed that the filter consists of two { -shaped &C-chains which 
are used in the real systems of these phase recorders and has time constant 


T= RC, Ty= BC, (90, 93). 


ough 
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On the basis of the individual units equations (AII, 1 - XII. le) 


we lay write the typical equation of a closed system 


aid = 3 ws 2 : ; . 
TTP’ + (TD. + 7,) Po + (TL +7) PoP + Ky = 0. (aI. 2) 
Here 

k qk C - 
Ke pi U,=KU (xII. 3) 
where 
kK, KC 
Kz a. : (XII. a) 


fe) Ki 

¥rom formula (AII.3) it follows that the behavior of the preceding 
systen depends on the level of the measured signal UL. With its values determined, 
the linearized system (see Fig. 215) could be stable, neutral or unstable. The 
stobility limit of the system's parameters should be determined from Gurvitch 


criteriuy (135): 
" 2 y 
A3* Oita Gye 2) = the Os 2" 50; (411.4) 


where 4. third determinant of the typical equation (XII.2). 


Fig. 215. 


In accordance with formula (XII.4), the ultimate amplification factor 
of the system 
Ky aft = KU. wut (XII.5) 


For the real system of the recorder, in which value K, is determined 


« 
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from formula (XII.5), the ultimate value of factor Ky dgpends on the level of 


the measured signal U,- With a certain value of the signal (U,2U,4¢) the system 
is found to be unstable, as a result of which the normal operation of the 
phase recorder becomes disrupted. 


It can also be shown that with the reduction of the signal UW below a 
certain level, the errors of phase recording increase sharply within the 
system and: its dynamic characteristics, on the whole, deteriorate. However, 
having compared the curves Kw obtained in the phase recorder by the 
quasicompensation method with curves, the determining behavior of the 
follow-up system of the second order vs. the variation of its parameters, 
we note that the variation of the signal U, is equivalent to the variation 
of the Felehive damping coefficient €,, in this systen (see para 6, chapter 
XIII). 


In these conditions, the relative damping coefficient becomes dependent 
on the signal uv. and may vary from very low (at UU, Dito very high 
(at Ut 0). The feature of RCQ has a definite value in phase recording. 
In the usual two-channel phase recorders (43), in the absence of one of the 
signals ( measured U, or comparative 0 , there is no stable indication of 
a device. In the present case, the system is neutral in the absence of the 


signal Ue and is in stable condition. 


Thus, in the planning of phase recorders by the quasicompensation method 
of measuring, the parameters of the recorder'’s system should be so selected 
that the RCQ error, with the measuring of the phase within the amplitude 


Variation range of the signal Ue » would be reduced to the permissible quantity. 
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Fig.216 


NE RN SS = SSS 
* The relative coefficient of damping €,= n_ depends on the damping coefficier 
n of the system and on the natural frequency Wo of undamped oscillations of this 
system W, 3 the latter is directly ‘felated to D.. Variations. 


= 922-5 

If the characteristic of the damping factor vs. Ue level does not 
for some reason meet the requirements of imposed problems and has to be 
reduced to the minimum, method described in (86,88) is sometimes applied. 
In this method, the use is made of the automatic gain control system 
"\GC-advance", which varies the amplification factor Ky of the amplifier 
in accordance with the level of variations of the signal Be; and,as a result, 
the common emplification factor of the system varies very little. The 
diagram of the phase recorder in the quasicompensation method is shown in 
Fig. 216. The operation of the recorder itself is very little different from 
that of the system in Fig. 215. 

The "AGC-advance" system consisting of the amplifier-rectifier UV and 
LF filter fNH-2, controls the first tube on the amplifier U by means of 
rectified and filtered voltage ape The necessary filtering of the high 
harmonics of signals after rectification in executed by the single-section 
RC-filter of low frequencies FNH-2. The intensity of voltage Kp is so estimated 
that with low values of the signal Y= Ue, the total amplification factor of 
the amplifier would be the maximum, end with high values of the signal Uc... aye 


the minimum. 


Pig. 217. 


The variation curve of the amplificntion factor Ko under the 
effect of signal Bp, proportional to U., is shown in Fig. 217. With 
variations of Ugyfrom U( Bf ) to U (S R), this recorder has a uniform 
sensitivity to the phase. The dynamic range of the signal U, depends on 


the type of applied AGC system and on the mode of operation of the LF filter 
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em (199). 
Let us analyzé the properties of RCQ with AGC system. We assume the main 
tolerance to be the same as in the system in Fig.215. But in deducting the 


equation of FNH-2, we assume that it consists of single-section -shaped 


RC-filter: 

(TP +1) B=Uy;  U, = BU; 

Ue ek “Dee kU i (xII.6) 
y y Wp ap npc. 


The characteristics of i factor vs. voltage with the account of the 


curve in Fig.217 could be given as 


en 
y ) 
bs 
Oo p 
where Ky - the maximum amplification factor of amplifier at B< B cudas 


0 
Bi ~ the coefficient accounting for parameters of AGC system, vo. 


By resolving the equation series (xXII.6), we get typical equation of 


a closed system as 


3 2 7 
TT + (tt, +%,) p+ (2 + Mp + (1 + K5?,)p +K,=0. (XII.6a) 


where cK XK 
K 2 = ret, y 
La ace 
From formula (XII,6a) it follows that the coefficient K, is theoretically 
independent of the U, level of the signal. Therefore, in the assumed variation 
range of Uys there is no relation between the recorder's sensitivity in the 


phase and the level of measurable signal. 


Attention should also be paid to newly appearing characteristic of RCQ 
vs. time constant Ts of the AGC circuit. In formla (XII.6a) coefficient 
(14K,7,) at p, determines, as we kmow, damping of the system. Therefore, the 
presence of parameter 13. the value of which may be varied, permits adjusting 
within certain limits, the system's dynamics. This means that in a system with 


AGC stability, reserves could always be made higher than in a system without 


However, in the presence of quick, sharp variations of Us voltage as a 
result of the action of interference on the preceding system of the phase 


recorder, the parameter characteristic of AGC circuit va. T, leads to an 
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undesirable happening, called "distortion of the envelope", i.e., in the 


presence of a certain level of noise, similar in frequency to the signal 

U, at YB (AGC) invut, or with quick amplitude variation of the signal itself 

the signals "envelope" aprears #4 the AGC system, for instance, with the 
frequency beat of the signal due to noise, which has passed through the Lf filter 
FWH-2, As a result the coefficient My of the amplifier Y varies under the 

effect of the "envelope" which in turn may distort the results of phase 
Measuring and recording. In adverse conditions, this happening may completely 


disrupt the normal activity of the phase recorder. 


36 Recording devices on galvanometer base. 
The recorders made in the USSR SG-17, SK-100 and those made in other 


countries by "Brash" firm ABM, etc. are devices which permit the recording 
in ink on paper tape the time variations of the electric current. ‘he Soviet 
recorders (SG~17, SK-100) are single-track, those of foreign made are 
invariably multi-track. For instance, the recorder of ABEM firm has five 
recording channels (tracks) and one channel for making the position of the 
plane (Fig. 218) (5). ‘This galvanometric type of recorder writes with a 


heated rod on paper, covered with wax. 


Fig.218 
Let us analyse the recorders SG-17 and SH-100, used sometimes in the 


Soviet apparatus of aerial electric prospecting (123, 234). The recorder 


SG-17 consists of tape mechanism with table, an electric motor. with reducer, 
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a galvenometer with a pen and ink pot, stamp mechenism and other fine 
details (Fig. 219). The record chart of this device is curvilinear. With 
denergized galvenometer, the recorder pen is in the middle position. 
Complete deviation of the pen to the left or right takes place at current 
0.5 ma. The resistance of the galvanometer frame 2800 ohm (+ 596) , eritical 
resistance about 11 k-ohm. 

The electric motor of tape mechanism is energized by direct current of 
about 100 ma at voltage 24 v, supplied directly by the network of the 
aircraft. By means of speed-switch, the reducer provides tape speed 1.8 or 
5.4m (t 203). The recorder is equipped with a printer, which permits plotting 
on paper tape digits from "00" to "99" at every digit with delivery of 
external control pulse of direct current 1.8 a with voltage of pulse source 
24 v. The weight of the recorder is about 10 kg. The electric connection of 
the recorder with meesuring unit end energizing device is through a common 


plug socket (SHP-50). 


05-0-05 mA 
Fig. 219. 


the recorder SK-100 (Fig. 220) has the same nodes as the recorder 5G-17, 
but, in contrast to the latter, it hes a mechanism which transforms the 
curvilinear motion of the pen into rectilinear. This permits recording the 
parameter in rectenguler coordinates. Non-linearity of recording does not 
exceed + 1%, 

The reducer of tepe mechanism is activated from the external mechanical 
drive or from its own electric motor of 5 watts, fed from the network of 


direct current 12 v. The width of recording is upto 100 mm. The needle of 


oe ee te 
the recording galvanometer in de-energized condition is in the extreme 
left-hand position. The total deviation current of the galvanometer is 
5 ma, the frame resistance 3000 (* 100) ohm, the recording error 2.5%. 
The tape speed 1;2;5 and 20 mm during one revolution of the input shaft. 


The speed is changed over by a special switch of the reducer. 


Pig. 220. Fig. 221. 


The recorder is provided with an electromagnetic marker, which makes 
it possible by means of a special pen to plot on the tape marks in the 
form of dashes (Fig. 221) with each individual pulse of direct current. 
The operating voltave of marker 12 v, the winding resistivity of electromagnet 
250 (= 10) ohm. All the energizing voltages on the recorder are fed through 
two plug sockets (SHR-54, SHR-55) ; the energy supply to the electric motor 


could be taken directly from the energy network of the aircraft. 
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Yhe use of the recorders SG-17 end SK-100 in flying conditions has 
shown insufficient stcbility of the writing device with open capillary 
recording with ink. 


4. Recorders of compensation type. 


Automatic bridges end votentiometers of direct current 51-01, PS1-01 
are frequently applied in the Soviet apparatus of aerial electric prospecting 
as direct recorders of the compensation type. The principle of the 
compensation method is thet the measuring voltege is apposite to the voltage drop 
at a certain known resistance (slid resistance) . The system of compensation 
type recorder consists of the follow-up system, which includes direct 
voltage chenger (of discrepancy voltage) into veriable, electronic amplifier, 
reversible motor, slid resistance and direct recording system. 

In the apparatus of aeriel electric prospecting, the measuring is 
generally of several parameters of the perceptible signal. Therefore, 
although the systems of recording are practically identical, their 
metching with the measuring systems is effected by different methods. And 
this demands unification of the multiple nodes of the follow-up system. 

But the measureble signal converting networks depend, as we know, on the 
type of outputs in devices for measuring the preset quantities. For 
instance, the output network of the device for measuring the amplitude 
(modulus) of the measurable signal (see Fig. 129) is asymmetric in 

relation to the ground, whereas the output networks of the phasemeter 

(see Fig. 140) ond components meter (see Fig. 148) are symmetrical. 
Besides, some output networks {for instance, outputs of trigger phasemeters) 
are under high potential in relation to the ground, and others (for 
instance, the outputs of modulus and components meters) under low. Due 

to this, the networks, which convert direct voltage into variable voltage 


ere planned for at least two types of outputs in the measuring systems 
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of recordable quantities - symmetric and asymmetric with an estimate of 
the specifics pointed out in the output potentials of the networks... 

It is also necessary to take into account the requirements of 
providing control of the time constent (frequency transmission band) of 
the recording system, which determines the noise~proof quality of the 
measuring system as a whole and the speed of the pen from an extreme 
position to another. Aqjustment of the time constant can be effected by 
the RC-filter through the variation of quantity of one of its elements 
(for instance, active resistance) and by other methods. 

Let us analyze concrete networks for the conversion of direct 
voltage into variable, as applied in the recording systems. 

Converting network for si ieae output of measuring systems (for 
instance, module recording) is shown in Fig. 222. Connection of the 
network with the measuring circuit of the vacuum tube voltmeter does not 
affect indication by the device, since the network has sufficiently high 
input resistance. For the adjustment of the time constant, the network is 
provided with change-over switch F of Rios and Rs resistences of the 
three-section 2C-filter. 

The capacitance of condensers oes is the same (4 mF). The values of 
filter resistcnces are selected keeping in view the possible veriation of 
the time constent, for instance 1; 1.5; 2; 3 and 4 times in comparison 
with the natural time constant of the recorder. 

After the filter, the recordable signal is compared in intensity with 
the voltage drop et the section of slid resistance R (by means of relay 
contact RP-4) , The voltage unbalance through the condenser C4 is fed to 


the electronic amplifier circuit of the recorder's follow-up system, 


a, To measurement. 
circuit; is 
b, To amplifier. / 


Fig. 222. 


The condenser CS elininates affecting the amplifier'’s operation of 
voltage overshot during the change-over of the contact RP-4, Slid resistance 
. energizes from the source of stabilized voltage + B through the demping 


resistance Ra, made of mangenin with error not over 0.505. 


° 


i Key*to Figure 223: 
a, .To measurement 


POUR 95 circuit; 
fs b, To amplifier.’ 


Fig. 223, 


Converting circuit for symmetrical output of measuring systems. For 
recording the phase, the active or venciive components, their sum or 
difference on two pauseneies (see paras 6,7 of chepter x) the network for 
converting direct voltage into verioble (Fig. 223) is utilized. 

The time constant is sdjusted similecrly with the above network. ‘The 


condensers C)- C. of the tC-filter hevoe copecitance 10 mF. aith lower 


a 563 = 


capacitances, it is necesszsry to increase the resistance of the filter, 
which is undesirsble due to higher pickup by them of external inductions 
in two-frequency operetions. 

To obtain en asymmetric:. trensformer of converting network, in 
reletion to the ground output, Tr is cut in at its output. The signal from 
the secondcry winding of the transformer is delivered through condenser 
C, to the electronic amplifier of the recorder, 

For recording the survey altitude, the application is of slightly 
modified converting network. Radio-altimeters epplied for the determination 
of flight eltitude, generally have relatively high-ohmic input with a high 
time constent. As a rule, at the output terminals of the eltitude indicetor 
there is a constant potential, differing generally for each individual 
device. The radio-altimeter RV-2 with indicator PRV-46 may serve as an 
example of this altimeter. Fig. 224 shows one of the possible converting 
networks, meant for connecting with indicator PRV-46. The input circuit of 
the converter consists of high-ohmic circuit of device A (set up directly 
in the epperatus of aerial electric prospecting) for visual control of the 
plene's flight altitude h and high-ohmic divider Ro-Re. The input of the 


converter is connected with indicator FRV-46 of radio-altimeter RV-2, 


Key to Figure 224: 
a, Input from 
PRV-46;3 \ 


b, To grid of tube! 
L,- 


Fig. 224. 
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The control of the time constant in the altitude recorder is 
inexpedient due to the considerably natural time constant of KV-2; 
therefore, there is no input filter in the recording system, The range 
of recordable altitudes is changed by switch P. The signal.to be 
recorded is comparcd, after the divider Rao» Re, with the voltare drop 
on slid resistance RS by weens of relay contact RP~4. Voltage unbslance 


is fed through condenser C, to the recording amplifier for further 


4 
processing by the follow-up systen. 

The needle of the indicstor FRV-46 is adjusted at zero with initial 
current 1, of the altimeter directly at the indicator. Resistance R, 
serves for the zero adjustment of indicetor A in the eltitude recording 
system and, for the compensating voltage, generated by the initial current, 
resistances Rio end Ry respectively are cut in to the system for each of 
the adopted mnges of the recordable altitudes. The slid resistance is 
energized by the stabilized direct voltage from source Ek. 

To eliminate noises, which mey appear during the change-over of the 
relay contact, and to distort considerably the useful signal, T-shaped RC- 
6? a? Cos Ro: Semi-conductive triods, instead of 


polarized relay, could be applied in this system a converter of direct 


filters R Cis Ras and R 
voltage into variable voltage. 

An important element of any follow-up system is the electronic amplifier. 
Amplification of the signal to be recorded is done in two stares: at first 
the voltage is amplified upto the intensity required for the controlling 
tubes of the power amplifier, then the signal power is brought up by 
output stage to intensity, sufficient for controlling reversible motor of 
recorder's follow-up system. 


ihmen working out recording systems for the unifying follow-up systems 
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of recorders it would be advantageous to use the same type of amplifier, 
which could be made up on electronic tubes, semi-conductive or magnetic 
elements. An exemple of this are the AsI-2, AsRA-2, etc. In this apperctus 
the voltege amplifier is of three-stazes (tubes 6N2¢) with push-pull power 
emplifier (tubes 6P14P) (sce Fig. 141, 143). 

To generate the local reverse feedback on the current in the cathode 
circuit of tubes L,, and L 


12 13 


is mace. Coupling between stages is effected through veriable condensers 


connection of resistances Riser Riss? Ri 60 


C The adjusteble resistance R controls the cuplification 


82’ Sas “go° 151 
factor of the voltrge amplifier. The second end subsequent stages ere 
encompassd by a ring-shaped reverse feedback on voltae, which is talen 


off the adjustrble resistence R and fed into the cethode circuit of the 


167 
tube Ly 5 second half. The same resistence controls the amount of the 
reverse feedback end the extent of stability of the systen. 


On the right half of tube L,, is assembled the phese-invertor for 


L3 
energizing the push-pull output stage (hy as Lis) of power amplifier with 
output transformer TPs. voltege from which is fed to the winding of the 
reversible motor. Condenser CE9 tunes the secondary winding of Tp to 
the nein freyuency of conversion, cnd the penetration of high hernonics 
current into the winding of the motor gets considerably dampened. 

The output voltage of the amplifier, when there is unbelence, 
rotetes reversible motor rD-09 of the recorder, which shifts on the 
slid resistance ‘ to a position of matching, i.e., to the moment of 


parity between voltages arriving from the measuring system and taken off 


the slid resistance Roe Thus, each value of the signal, taken off the output 


i, 
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of the measuring system, corresponds to a certain position of the 
slid resistance and mechanically coupled with it, carriage with 
indicator and writer. 

Stable work of the opercting system is assured by bringing in the 
feedback on the variation speed of mismatching. The speed of the carriage 
cennot change immediately after an instanteneous change of the torque 
(from action of mismatching signal) as due to inertia of movable parts it 
decreases gradually. A, the time when the motor shifts the slid resistance 
to the position of matching,the speed may not be exactly zero. Then under 
the effect of intertial forces the mobile system will continue its motion 
and the cursor of slid resistence will by pass the position of equilibriun. 
The unbalance voltage induced by this builds up a reverse torque of the 
motor, i.e., its reverse stroke. This oscillsting motion will continue until 
kinetic energy, reserved in the mobile parts, is not totally consumed for 
overcoming the moments of friction and inertial forces. 

To ensure quick damping of the mobile system on its approach to a 
position of equilibrium, there is feedback in the amplifier on the speed 
of mismatching variation, which could be implemented by feeding part of the 
reaction voltege of the motor's armature into one of the voltage amplifier 
stages (for instance, in a system with a separate tacheogenerator DID-0.5). 
In this case, when approaching the position of equilibrium, the reversible 
motor will slow down its movement, 


5. Constructive design of the recorder of complex quantities of 


comnensation type with follow-up system. 
Automatic compensators (bridges) PS1-01, #PF-09, kS1-01, of serial 


production, have become increasingly popular during the last few years in 


the Soviet apperatus of aerial electric prospecting. For use in this type 
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of prospecting, certain reconstruction of the mechanical part of these 
devices has to be made. 

The application of the conversion circuit with identical output 
makes it possible to unify the récording devices almost completely. Let 
us take, for example, the unified recorfer of measurable parameters, used 
in AERI-2 apparatus. 

Recorders, set up in compertments of the measuring group cabinet (one 
with a closed front panel, the other with removed), are shown in Fig. 225. 
The general view of the recorder, removed from the compartment of the 
cabinet, is shown in Fig. 226, a (front with open tape mechanism), 226, b 


(the top), 226, c (back). 


Fig. 225 


The following are the main parts of the recorder: rotating cantilever, 
reversible motor with slid resistance, synchronous motor with reducer, tape 
mechanism, writer (carriage with automatic pen), printer, control board, 


cover with hinged glazed door. 
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Fig. 226 Fig. 226 b. 


The rotating standard cantilever, on which all nodes and details 
are set up, is fixed in the cabinet's compartment by clasp joints. With 
removed cover, the recorder can be turned around the axle at an angle 
over 135°; this makes it easy to check all the details set up on it. The 
recorder is fixed in the compartment by a catch with lever, fitted on the 
right hand side of the main cantilever. A second cantilever also standard, 


with tape mechanism is fixed on clasps to the front portion of the main 
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Cantilever. At the top of the latter, the writer and electromagnets of 

the printer (see para 1 of chapter KIV) end details for transporting 

the transfer tape and control panel are arranged. Set up within the hollow 
Spoce of cantilever are the synchronous motor with reducer, reversible 
motor RD-O9, slid resistance and kinematic elements, by meens of which the 
motion is transmitted from the motor to slid resistence curser end to the 
carriage. The reducer provides two tape speeds - 3 «nd 6 m/hr. The speed 
is changed over on the control panel. 

The controls of the recorder and printers are set up on the control 
penel. The fece of the panel contains the following controls: on the left- 
the chenge-over switch of recording limits in the middle - the chunge-over 
switch of tape speed; on the right- the change-over switch of indicator - 
numbers, tumbler for connutation of time markers (meesuring limits) and 
guiding lines for their automatic remote printing or by hand with knobs 
set up on the same panel; tumbler for cut-in of the system for recording 
the measurable parameter. itted on the panel are signal bulbs (with glass 
light filters) to indicate the printing of marks. On the inside of the 
penel are the piston electromagnets for remote switch-over of mechanisms 
for marking guiding lines, time marks (limits). The composition of 
mechanisms includes printing wheels with numbers (indices) of limits and 
guides. 

The recorder cover is removable and has a hinged glass door for continous 
observing of recording and putting in, if necessary, remarks on the chart 
during the recording of operation. On the right-hand side of the cover is 
@ handle with a built-in lock. 


6. harking circuit of time breaks, measuring limits and guide lines, 


In multirange measuring in aerial electric prospecting, it is 


Sometimes convenient and more often necessary to mark on the charts the 
numbers of measuring ranges at their cypher. Due to the irregular speed of - 
the tape it is very convenient to use a time marker. For tying the 

results of the survey to the locality on diagrams, prominent features should. 
be marked on topography. There is quite a number of systems, which carry 

out these functions and their choice depends mostly on the constructor's 
whim. As an example, let us make the circuit merkite guides, time breaks 

and measuring ranges, implemented in AaRI-2 epparsetus (Fig. 227) « 

{ime breaks could be fed to printers both from the inner mark generator 
end from the aerial photo-camera. Time breaks from the inner generator are 
fed in the following way. Relay Pr, closes the circuit of intermediate relay 
Pi which, while operating, cuts in by its contacts voltage of board power 
supply network + 26.5 v to busbar SH-1. Relay Fi itself is energized from 
the same source. Voltage from busbar SH-1 through tumbler Bk, (Bk,", Bk"), 
which connects the time (range) marker of recorders, is delivered through 
normally closed contacts Kh, (hy, Kn}, ..+) to the windings of printers 
electromagnets. Connected parallel to the electromagnet windings are 
signal bulbs L, (Ly, eee be 

Voltage + 26.5v is put in from busber SH-IV by means of knobs 
) in 


) to the windings of electromagnets ora (8M, , Hii 


Kn (Kn,, Kn yr Hay. 


reese 
printers, which makes it possible for the operator to put merks by hand. 
‘directly on the recorders- 
Switch Bk, enables delivery to ralay Py of control voltage into the 
circuit of time breaks (ranges) from the inner generator, as well as from 
the aerial photo-camera. The marking of guides is done either automatically 


from the camera (when photographing prominent fectures), or manually (by 


navigator) by means of knob Kn5 from a special control board. Nunbers of 
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Key to Figure 227: ~ . ae sb aus 
a, Phase. recordes; channel I;,b, Module recorder, channel I; c, Generator; Gy DeVace or 
matching aeria: photography with apparatus AERI-IMA-2; e;,Time marker and limits; 
f, Orientatign matkers; g, Time -and limit markers; h, Orientation markets; i, To 
recorders of coiipenent and ‘siin (@ifference); j, + i ; 
k, Track I, II, II1, and IV; 1, To caherag,m, @tabilizing rectifier; n, Phase recorder ,. 
channel II; 0, Module recorder, channel a p, Time and limit markers; 


y 
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guides (prominent local features) are switched-over by relay Pos which 
is controlled eutomatically by the camera or manually and also by knob 


kn, - from navigator control or by knob Kn_-directly from the control 


4 3 
panel of the modulus recorder. This automatically chenges the number 
(index) of the guide. 

Tumbler BK, (Bkg,...) cuts in the synchronous motor SD-54 of the 
tape mechanisn; at the same time, it switches on indicator bulb 
L(L,, Lyrere)e Tumbler Bk, (Bkj,.--) awitches on the finishing circuit 


or ballast resistance Ry (R1,.-.) with unoperating recording systen to 


ensure constent load of the rectifier +300v of' recording amplifier supply. 
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CHAPTER XIII - MHASURING ERRORS AND INCREASING ACCURACY 
OF MEASURING INSTRUMENTS 


A A 


1 Classification of errors 


One of the most important characteristics of the measuring and 
receiving apparatus in any method of serial electric prospecting is its 
practical sensitivity, which determines the ability to detect and measure 
weak signals from the conductive objects sought for. 

The actual sensitivity depends both on the level of noise, arising 
within the receiving system itself, and on the level of interferences, 
affecting it from outside. Therefore the real sensitivity of the 
receiving apparatus is the sensitivity at which the useful signal at its 
output could be reliably detected and measured on the background of 
another signal, caused by internal as well as external noises (20, 132). 
Since the process of geophysical survey is confined to detecting and 
measuring of useful signals from geoelectric irregularities or the ore 
bodies, it has its own intrinsic errors just like any other process. The 
rela sensitivity of the measuring-receiving apparatus may only be 
increased when the origin and the nature of these errors is known and 
everything is available for estimating their effect on measuring results 
and finding ways and means: for their reduction. With the availability of 
all required data, a fundamental approach is possible for a rational 
resolution of the problem pertaining to increasing noise-stability and 
resolving power of the receiving systems, applied in serial electric 
prospecting. 

It is possible to point out three main groups of errors, 


characteristic of any apparatus used in aerial electric prospecting 


- 574 ~ 


(117): 1) instrument errors; 2) errors of vibration nature and those due 
to change in the preset orientation of field receiver, am also errors 
caused by the effect of the external sources of noise; 3) methodical and 
geological errors. 

The resultant error Ye,18 determined by geometrical summation of its 


components: 


2 2 2 
5 
yeni + yo + ys 100, &# (XIII. 1) 


where yp y2’ y3 - errors of the first, second and third groups 
respectively. 

Determination of measuring error in conditions of aerial electric 
prospecting is extremely difficult. Since the magnitude of re determined 
by many objective and subjective factors, estimation of its components 
would have been most correct by the use of methods of the probability 
‘theory (165). However, for practical purposes it would be sufficient to 
determine the resultant error of the method from formula (XIII. 1). 

It may be assumed that the relative error of the first group Yu is 
inherent to all receiving electronic systems, used in the measuring apparatus 
of aerial electric prospecting, and for many versions of the induction 
method this error is of approximately the same magnitude. The second and 
third groups of errors are also characteristic of the majority of methods 
in aerial electric prospecting, though different in magnitude for various 
methods. 

Each of the three main groups of errors could in turn be divided 
according to the type of their source, its characteristic and results of 
source effect on the measuring and receiving systen. 


The first group of errors is dividible into static and dynamic errors 


2.202 > 


which include the basic and supplementary errors of the apparatus, 

errors from the effect of noises, due to microphone sound of input 
Circuits and fluctuation noises in receiving elements, as well as 

dynamic noises of complex quantity recorders (time constants of receiving 
and amplifying channel is usually less than the time constants of 
recorders) « 

The second group includes errors caused by the vibration of receiving 
elements or receiving systems in the magnetic field of the Earth, incidental’. 
changing by field receiver of the preset orientation, effect on receiving 
elements of atmospherics, signals of broadcasting and other radio-stations, 
effect on receiving elements, input circuits or measuring apparatus of 
sound from rotating screws (acoustic errors) and power equipment of the 
plane or helicopter. 

The third group of errors is of specific nature. The emergence of 
these errors is due to the following: disruption of reciprocal position 
of the field's source and receiver by the random variation of the geometry 
of the system (this is peculiar to the induction method), effect of metal 
parts (body) of plane or helicopter, effect of irregularities of suntase 
detritus end surrounding medium, topography of locality and the nature of 
the soil. 

Each of the three main groups of errors is divided also into systematic 
and random errors. For instance, error from the interference of radio- 
stations is of random nature. 

ihe total error of measuring apparatus ¥1 38 composed of the totel 
systematic One and random errors Ett « The random errors are summed up 
geometrically, i.e., according to quadratic law (at various time instants 


they may have different values and signs and compensate each other 


e 576 = 


partially (193): 


Ent = V5. ex (XIII.2) 


where © £& es components of random errors 
The systematic errors are summed up algebraically with an estimate 


of their highest possible values: 


=I 
Mat = 2. Oe (xIII.3) 
where 0, - components of systematic error. 
Thus, the total error of the apparatus Vv denoting its accuracy, 
is determined by an algebraic sum, in which the total random error is taken 


with the same sign as the total systematic error (193): 


Y, oe (XIII.4) 


The approach is similar to the determination of components ii Y, 
of resultant error of the method. 

All the enumerated errors could be determined according to the 
recommendations given in (165, 193). However, the specific operation of the 
apparatus in aerial electric prospecting necessitates a special approach 
to determination of one or the other error. The estimation of errors 
accounting for specificity of aerial electric prospecting will show the 
virtual working condition of the measuring instruments. 

One of the main characteristics of the receiving and measuring 
devices in aerial electric prospecting is their protection against 
interference. This determines to a considerable extent their meteorological 
qualities, in particular measuring the errors. To estimate the required 


protection against interference, it would be expedient to analyze those 
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Main factors which determine the general level of interferences of various 
origin affecting the receiving and measuring devices and to specify their 
errors of measuring. Moreover, it is necessary to examine in more detail 
those errors, which have specific nature in aerial electric prospecting. 
It is also necessary to systematize, to estimate qualitatively and 
quantitatively individual components of the resultant error separately 
in the three groups and then, for comparison, to determine the resultant 
error of measuring, typical for one of the other method of aerial 
electric prospecting with harmonic field. 

The analysis of circuits for electric compensation of the primary 
field signal in the apparatus of induction aeromethod and exposure of 
determining compensator errors makes it possible to select well-founded 
optimum measurable parameters of residual signal. 

Thus, the presence of the above errors and the problem of measuring 
signals of very weak fields enables us to come to the conclusion that 
the relatively high demands of accuracy in measuring, imposed directly on 
the measuring instruments, are quite warranted. 

In evaluating the resultant error of measuring it is possible to 
assert that (though random errors are present, they are not so significant 
and are not so often encountered; therefore, it is not in every condition 
that they have to be accounted for, whereas analysis and estimate of 
systematic errors are of primary importance. 


2. Instrumental errors 


fhe receiving and measuring apparatus, applied in seromethods of 
electric prospecting, is mostly a complex of electric and radio-measuring 
systems and devices, which operate in specific, unfavorrable conditions 


due to their set-up on aircraft (considerable vibrations, wide range of 
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Variation of surrounding temperature, considerable moisture of air, in 
some cases upto 100%, etc.). These conditions contribute to the increment 
of error in the apparatus for measuring. 

In aerial electric prospecting, the instrumental error is compounded 
of the basic error in measuring blocks and “ide. including field receiver 
and input circuits, due to fluctuation noises, and also of additional 
errors, specified by the effect of external factors (temperature, pressure, 
etc.), detuning of frequency, instability of power supply sources, effect 
of microphonic noises on the input circuits of receiving and measuring 
systems. 

At present it is quite possible to reduce the basic error of 
individual measuring systems of selective measuring amplifiers, phase- 
sensing voltmeters, phasemeters, etc.) to 1-1.5% of measurable quantity. 
However, such components of the basic instrumental error as incorrectness, 
admitted in determining parameters of field receiver, possible variation 
of these parameters during measurments, incorrect estimate of amplification 
factor of the whole set of measuring apparatus (receiving channel*, etc.) 
increase the basic error of the receiving channel. 

In the apparatus of serial electric prospecting, all nodes, except 
the field receiver and gondola preamplifier, operate at stable temperature 
within the cabin of the aircraft; therefore, the temperature error is 
practically constant. I, field receivers, however, specially if they are 
made as coils with ferrite cores, temperature error in relation to 


weather conditions may considérably.vary with time and become very high. 


*The precise calibration of this channel snd its periodic chekking reduce 
the basic error of the receiving-amplifying apparatus to a magnitude not 
exceeding 1 ~5-2%, 


oe 


Highly-sensitive magnetic field receivers (with the use of ferrite cores) 
are at present developed to operate in the frequency range from a few 
tens to several thousands cps, which practically show no instability in 
a temperature range -15 - +45°(125). These magnetic field receivers are 
successfully applied in the apparatus of many aerial methods of electric 
prospecting. 

To stabilize the amplification factor of the preamplifier or gondola 
amplifier, the application is of a penetrating reverse feedback and 
highly~stabilized supply source, time and temperature, stable details etc. 

Additional error in ne remaining systems of the measuring apparatus, 
specified by frequency detuning, instability of supply source, etc., could 
be made quite negligible without any difficulty. By thermal compensation 
and thermal stabilization of individual nodes and elements of measuring 
circuits, quartz crystal control of operating frequency of master oscillator 
and, therefore, frequency of comparative, compensating and calibrating 
signals the additional error could be brought down to 0.5-1%. 

The natural level of noises of the measuring system and of microphonic 
noise could be reduced with application of certain protective measures, to 
a magnitude, which has practically no affect on additional and summarized 
instrumental errors, 

The results of tests, carried out with receiving and measuring 
apparatus of BDK and induction methods (AERI~-2), have shown that the 
summarized additional error is actually not over 1%, and the summarized 
fundamental error - 4%, 

Given further is a brief description of factors, specifying the 


appearance of fundamental and additional errors in the selective amplifier, 
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measurers of modulus, components and phase of the signal being measured 
and quantitative appraisal of these errors. 

Selective amplifier, In para 3 of Chapter X it has been pointed out 
that, in selective amplifiers of the measuring apparatus in aerial electric 
prospecting, the application is of selective LC- or RC-filters. The 
fundamental error in these amplifiers is caused mainly by the incorrect 
Matching of selective filter elements, and the additional - by their 
temperature instability. The fundamental error is reduced by the careful 
matching of filter elements and its precise tuning to the operating 
frequency. During application, the main role is of the additional error. 
Therefore, the selective amplifier circuit is chosen with an estimate of 
temperature instability of its amplification factor in the transmission 
band of frequencies. 

It is well knowmthat in selective LC-circuit, with parameter 
variation of L or © circuits due to temperature effect, the variation is 
only of the tuning frequency of this circuit, whereas the amplification 
factor of the stage (specially with the amplification circuit on electronic 
tubes) and the Q-factor remain practically unchanged, if the measured 
frequency remains similar to that of circuit tuning or coincides with it. 
In selective KC-circuits, temperature variation causes not only deviation 
of the : resonance frequency, but also considerable variations of the 
amplification or transmission factor and of Q-factor. Therefore, it may 
be assumed that the main source of the summarized error in the selective 
amplifier is the temperature instability of elements in filter sections 
with the use of vacuum-tube amplifying circuits or the one mentioned and 
temperature instability of transistors in amplifying circuits with semi- 


conductorse 
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In selective LC-amplifiers of low frequency with parallel UC-circuit, 
there is amplitude instability with the use of ferrite toroidal cores 
due to amplitude variation of measurable signal. Moreover, temperature 
instability is also typical of these amplifiers. All this specifies 
possible deviation of the tuning frequency upto 5-10% and variation of 
the amplification factor, as a result of which there is a considerable 
additional error in measuring. 

The temperature instability of highly selective LC- and RC—amplifiers 
of low frequency is analyzed in detail in (15). For the selective 
amplifier with a single LC-circuit the relative drift of tuning frequency 


with temperature variation can be determined from ratio 


(XIII. 5) 


EWO 8 | 1 Ar +_Ac 
Wo a L ci} 


where AL and AC - variation respectively of inductance and capacitance 


of the circuit with temperature variation; ©,- angular frequency of 
1 
Vic 

In the case of using Alsifer cores and paper condensers of low 


A A 
stability — R24 « Therefore, it may be assumed that 


tuning, De = 


a 


AO35 
Wo 


: Ac : (XIII. 6) 
C 


1M oe 


Nie 


Here 


wks @ 
¢ 


=X, At, (XIII. 7) 
where At - temperature drop; iN, = temperature coefficient of the 
condenser (TKE). 

The dependence of the working amplification factor of the 


selective amplifier on required Q-factor at low TKE values is show 


by formula 
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eee aera ees (xIII. 8) 
1 + Q? &c_\ : 
V 2 (ce 
Due to variation of the working amplification factor of the 
selective amplifier with temperature there is emergence of error, the 
relative mangitude of which may be upto several per cents even for 


high-quality selective systems. 


In the usual selective RC-amplifiers, the fundamental error due 


to possible deviation filter elements, nominal values from the 
calculated could be appreciable and this must be taken into account. 
Formulas are given in (62, 238), which permit us to make a general 
determination of allowable transmission band of frequencies in accordance 
with the present general instability of amplifier's parameters. However, 
in literature, as a rule, no recommendations are given for the choice of 
the deviations allowed for individual RC-filters, which makes it rather 
difficult to determine the fundamental error of the selective amplifier 
as well as the instability of those elements of filter which specify the 
highest variation of amplitude-phase characteristics of this type of 
amplifier. 

To prove the validity of demands imposed on details in RC-filters 
in respect of their stability and precise adjustment, let us take an 
RC-amplifier with filter in feedback circuit. Here is an example of 
theoretical estimate of parameters of the system, most popular in 
practice, of selective RC-amplifier (Fig. 228) and symmetrical double 
T-shaped RC-filter (Fig. 229)(62, 187). 


Amplification factor of RC-selective amplifier 
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U. K 
K = —— bbls =—+-o— (XIII. 9) 
Unx 1+pK Ky 
If the module coefficient of amplification in the feedback section 


with 
(K,) < 1, it is a most common case of filter being connected/ the feedback 
2 


circuit, but if (x,) > 1, - it is a case of filter being connected 
circuit of amplified feedback. 
It is known that the transmission ratio of double # shaped RC- 


filter, tuned to frequency W,, at any other frequency 6) will be 


2 - — + D ' (XIII. 10) 
: uae) 
l-j 3 m 
-1l 
Po 

a) > = - . 
where p= 5 2 coefficient depending on the ratio of 

OL c 
filter elements. I, a particular case, when Ry=R =, and c,=C, = F 


coefficient m = 4. 


On frequency = Ud, with the calculated values of filter elements 
the transmission ratio should be zero. However, due to unavoidable 
deviations of filter parameter from the calculated values on frequency 
GO), we have Bp #0. 

Denoting the real and imaginary parts of B, by a and b respectively, 


then 
Bo =at gd. 
With a minor deviation of frequency ® fromG) it is possible to 


assume with sufficient accuracy that the transmission ratio of the 


real 21-RC-filter composes 
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B es i + B . (XIII. 11) 


Lem J D nat 
2 t L 
Po -1 * 


In this case the amplification factor of the amplifier is 


determinable from formula: 


K = Q . (XIII. 12) 
1+ K K i +adt jb 
O21 Po 
1-j 3 n 
Po - 1 


Coefficients Ky and K, in the range of operating audio-frequencies 


1 
could generally be taken as independent of frequency (). It may also be 
assumed that phase-shifts of amplifiers on frequency CO, prior to the 
connection of feedback, are zero, i.e. K, and kK, are real on the 


frequency of quasiresonance*. 


It can be shown, that with low deviations of frequency the 
p 
term 3 9 m is considerably higher than one. 
Po - 2 
Denoting 
y- 
= m 
2 s 
Po - 1 
we get after transformations 
OW 


= ™ Ti+.) (@- @) ° 
Y +O) (O- By 


If it is taken that ®@ - W ~~ Awand assumed @, - tex tos : 


and W+ @& 9 % 2 Wo, then 


s 585 = 


| % Re 
a,Filter; ‘ & on 
Dy -2T filter/ , g, ra 

Usa | i le 

\ db 27-quaemg 
Fig. 229 
_—m. Ag | (XIII 13) 
y 2 AW 


The given formula proves that with low deviations from frequency 


AW 


O)~ ratio eer A is always considerably less than one. Since in 
6 


0 
2T-RC-filter m S 4, then y » 1. On this basis, after certain 


conversions, formula (XIII, 12) can be simplified in the following way: 
liatby mw bys y (1+akK,) - BKK) y (l+eK K,) ; 
i- jy mn jy ; 1+ Kk = KK 


After substitution of these terms into formula (XIII. 12) and 


slight conversions for the modulus of ratio ‘ we get the following 
fs) 
equation: 
us . . (XIII. 14) 
Ky 


2 
2 ee: 2 
KK? (b+ + (1 + &,K,) 
Vike y / Mol 
From this equation is follows that ratio (a= | attains 
0 


Maximum in condition 


z 
a (XIII. 15) 
Y 


Be ng ih 
*In actual systems, this condition is usyally observed, specially when 
the amplifier with amplification factor x has its own intrinsic active 
reverse feedback. 
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Hence it is easy to determine the variation of resonance frequency 
of the selective amplifier due to the imperfection of 2T-RC-filter. 


Substituting in equation (XIII, 15) y values from formula (XIII. 13), 


we get 
& 
Sal eee One (XIII. 16) 
Bo 2 


Anplification on resonance frequency 


| 
K - 1 
| : | = Trak k ; (XIII. 17) 


From the last two equations it follows that the variation of 
resonance frequency is due to imaginary, and the amplification factor - 
real component of 8 . The variation of resonance frequency is determined 
only by the deviation of T-filter parameters and does not depend on the 


amplification factor Kos 


Equations (XIII. 16) and (XIII. 17) also permit the fixing of the 
limits of allowed variations in the value of resistances and condensers 
forming T-filter, so as to prevent deviations of Aa) and A K above the 
fixed value, 


Table 21 gives values for coefficients a and b of symmetrical 
C 


aT-RC-filter (Ry=R,=2R,, Cy= Co= =) . According to the date of 


this table, increment of parameters R C, and C, mainly affect the 


1? Bar %y 2 
variation of resonance frequency and to a lesser extent variations of 


the amplification factor on resonance frequency as compared to the 


corresponding variations of parameters R, and c. This permits the 


3 
conclusion that it would be more expedient to tune the frequency of 


of the resonant amplifier by varying resistances Ri» R, or 


1 and Cy and the coefficient of amplification on 


resonance frequency - resistance R 


capacitances C 


or capacitance C_. 


3 3 


Table 21. 


Parameters Substance part of Imaginary Bart of of 


Let us determine the phase characteristic of selective RC-filter 


in the vicinity of resonance. From relations (XIII. 9) and (XIII. 10), 


after conversions and substitutions, we get 


1 Mi 1 re fe es : 
s i Po 
l-j 7 m 
oo 1 
yx 
ted, = ol . 


1 + yo + Ky 


In the vicinity of resonance ¥ >1, therefore it may be assumed 


K 
) 


Y 


that tan 0 & » OY more approximately, taking into 


account y values, 
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With the knowledge that the variation of frequency WD, in the 
Selective amplifier with RC-filter in feedback circuit affects only 
the imaginary part of the filter transmission coefficient (XIII. 9), 


it is possible to write for symmetric 2T-RC-filter 


: (XIIZ. 19) 


1, = - dK K, 


Therefore, the phase-shift depends to a considerable extent on 
the instability of amplification factors K, and K, and those parameters 
of the filter which affect to a greater extent, the vasaation of the 
imaginary portion of the filter's transmission coefficient A in the 
vicinity of the quasiresonance frequency Wo 

Let us take, aS an example the variations of frequency OO, and the 
phase characteristic of selective amplifier with symmetrical RC~filter 


at K = 100 and K&, =1, when resistances Ry and Ry are matched with 


1 
precision > 0.5%. From Table 21, we extract the formula for the 


imaginary part of transmission factor B , and determine from it 


be t = - A = © 0,001. Then from formula (XIII. 16) 
we determine the frequency variation of the amplifier due to incorrect 
AW 


matching of two parameters R, and R, : = e-mb = -0.004. From 


us 2 ren) 
formula (XIII.9) we have = - 0.1 rad. Thus, in the given case 
resonance frequency shifts by z 0.4%, and phase shift x, - by 
= 5°50'. 
In this way, it is possible to fix the effect of all the filter 


parameters on the selective smplifier* and to determine the fundamental 


error of measuring with incorrect selection of filter elements, The 


*In the same way, it is possible to determine the effect of elements, 
composing other varieties of filters cut in to the feedback of the 
selective amplifier. 


relations and calculations shown permit to the conclusion that the 
most exact demands for stability and accuracy in the matching of 
filter elements should be imposed on parameters Ry sR) and Ci. 

The question of temperature stability of RC-amplifiers has been 
addequately dealt with in (15, 183). However, the investigations were 
conducted for low-quality amplifiers and without estimating the effect 
of asymmetric instability, which meant incomplete accounting for 
destabilizing factors. 

Asymmetric instability of resistances and condensers is manifested 
due to dissimilar values of TKE and TKC and results in the non-presence 
of zero transmission factor on the frequency of bridge tuning, and also 
to phase distortion within angles exceeding + go°. In these conditions, 
with variation of temperature, the reverse feedback increases in the 
region of resonance frequency and the Q-factor of the amplifier 
decreases correspondingly. The appearance of positive coupling is also 
possible, resulting in increasing amplification factor and Q-factor. 

Analysis of asymmetric instability effect is considerably complex 
and requires an estimate of probable TKE and TKC characteristics. An 
attempt to carry out such analysis was made in (138), but was not 
carried to engineering calaulations. Therefore, the asymmetric 
instability is usually assessed by experiments. 

Symmetrical temperature instability of RC-filter, with similar 
TKE for condensers and TKC for resistances, has been theoretically 
analysed in (15). The relative variation of angular frequency of the 
RC-filter, tuning with temperature variations, is determinable by 


formula 
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A® 
aca eee AR Ze Ag ; (XIII. 20) 
OD o 
AR ; re 
where quantity —> «COs determined by estimating the temperature 


factor of resistance Xp in ratio 


AR 
R 


= A, At. (XIII. 21) 


In the same conditions a is expressed by formula (XIII. 7). 


Therefore, 


AW, 


7m = -(4,+ 4) At. (XIII. 22) 


° 
The amplification factor of highly-selective RC-amplifier with 
consecutive amplified reverse feedback and symmetrical 2T-RC-filter is 


determined from relation 


K (XIII. 23) 
.2 
2 AR Ac % 
4Q ( R + aera ice 
Thus, deviation of the amplification factor 
AK, =K,-K. (XIII. 24) 


To eliminate symmetrical instability in RC-filters, use should be 
made of resistances with low values TKR (BLP, MGP and of mareqmine wire) 
(145) « 

Pick up moduli::. The émergence of errors is specified by the 
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instability of the amplification factors of a periodic amplifier, 
sensitivity variation of vacuum-tube voltmeter or recorder, 

transmission coefficient of phase-inverter in the edjustment of 
measurable signal phuse, change of tube, etc. The error should be 
elininated by regular calibration of the module measuring channel. 
However, they may take place in those elements of the module measuring 
circuit, which are not enclosed by the calibration circuit. These errors 
are usually due to the instability of attenuator's resistances, shape 
variation of the detecting characteristic in the vacuum tube voltmeter 
and also incorrect reading during the calibration. 

Error due to the instability of the amplification factor, with 
sufficiently extensive reverse feedback, stabilization of anode and 
filament voltages could be brought up to 0.5-1%. Error caused by 
sensitivity variation of the vacuum-tube voltmeter (during changing of 
tubes, semi-conductive triods) or recorder, although it could be high, 
is easily detected in calibration, so that further on the changed value 
of the recording scale division is kept stable. This error, specified 
usually by the shape of the detecting characteristic, is most noticeable 
in its initial section. On the remaining portions of the scale, where 
the detecting characteristic is almost linear, the error, as a rule, does 
not go beyond 0.5-1%. Error of the standard recorder could be considerably 
less than 1%. 

The transmission coefficient of the phase-inverter may vary during 
the phase adjustment of the signal by several per cents. For eliminating 
this error, the compensation of phase shift is implemented prior to 


calibration. 
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_Error of matching divider's resistances could be ~ 0.28. The 
high temperature stability of dividers is attainedeither by the 
application of wire resistances or by the selection of special 
resistances, including mastic (e.g., BC), the temperature coefficient 
of which of about 107° has negative sign (145). As a result of the 
fact that the heating of all the divider's resistances is usually similar, 
the error of division ratio is maintained, as a rule, constant not 
exceeding 0.5-1%, 

Error arising due to non-linear distortion with high noise level 
cannot be calculated, and it is impossible to eliminate it by calibration. 
If the noise level is commensurable with the signal level or exceeds it, 
the control grid tube gets overloaded and changes over into anode-grid 
detecting condition, with which the direct proportionality between the 
level of the amplifier's input voltage and the level of the signal at the 
output gets lost. Application of high preselectivity substantially reduces 
such additional error in measuring. 

The error of calibration is determined by the fundamental error of the 
indicator or recorder, from the scale of which the required amplification 
factor is checked or calibrated and, besides, by the error admitted in 

determining the calibrating voltage intensity. With individual graduation 
of the indicator, for instance of M-24 or M-265 device, its fundamental 
error could be brought down to 1%. This permits determining with accuracy 
upto 1% both the intensity of the calibration voltage and the amplification 
factor of the module gauge. With calibration from the standard recorder the 
accuracy is higher. Therefore, the total systematic error in the measuring 


channel of the signal module with the presence of calibration circuit, 


= 293.3 


determinable from formula (XIII. 3), is 1.5-2%. 

Phase-meter. The direct estimate of errors in electronic phase-meters 
is discussed in detail in (43). Therefore, here, in our opinion, it would 
be expedient to analyse the probable phase errors in application to the 
whole channel of phase-measuring. 

Prior to measuring the phase-angle between the measured and comparative 
Signals, there must be phase correction (i.e. compensation) of phase shifts, 
introduced by the measuring channel, in connection with which the general 
error of phase measuring should also be divided into individual errors. Some 
of the errors could be eliminated during correction, others cannot be 
eliminated and taken into account in measuring. 

Phase shift in aperiodic circuits of the amplifier at various operating 
frequencies is similar neither in absolute magnitude, nor in instability. 
The least error is mainly evident on the middle operating frequencies. On 
high frequencies, phase shift is caused by the instability of interelectrode 
and equipment capacities, shunting anode loed of tubes. For instance, each 
pentode stage shifts the phase at an angle ape - arctan COCR, where 
i - total capacity, Ra-the load for shunting the anode. 

In amplifier planning, it is necessary to obtain minimum angle WY, 
therefore, the tangent of the angle could be replaced by the angle itself 
in radians. I, this case, the variation of phase snitt Ab in one stage 


Ac 


: — ; fe) 
with the variation of C. to the extent of A Cy is Arps - WR. ee 


For instance, at f = 3898 cps, Ry = 50 kohn, © = 50 pF we have 
Ac 
a = % and (Arp ) = 6.28 x 3898 x 50 x 1077s 50 x 10°x 2 x 10°Sy, 1,2 


ae) 
x10° radgow4'. 


In this case, maximum error in the presence of two-channel phase 
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Measuring circuit could be about 10'. With implementation prior to 
measuring the compensation of phase shifts in the measuring channel the 
error could be reduced to an even greater extent. 

Srror due to reciprocal detuning of resonance circuits, if these are 
present in the measuring channel, is more considerable. It could be 
completely eliminated with maintenance of thermal compensation and 
periodical correction of phase shifts. 

Por instance, if under the effect of surrounding temperature variation 
the capacitance of the circuit has changed to the extent that the frequency 


has become detuned by 0.5%, then with quality of circuit Q =» 10 phase error 


wo We oO 
AT a a ra 10 (1.005-0.995) = 0.1 rad oy 6°. 


The most significant component in the fundamental error of electronic 
phase-meter with the use of amplifier-clippers is taken to be the error 
due to asymmetry of the output pulses of amplifier-clipper, caused by the 
fluctuations and drift of limitation levels. To reduce this type of error 
it is expedient to apply as amplifier-clippers circuits with anode-cathode 
limiting. The fineness of limiting and dynamic range of input signal in 
these circuits are considerably higher. Therefore, the phase-meter with 
this circuit will also have a smaller error from the asymmetry of pulses 
(43). For instance, if at the input of amplifier-clippers voltage is 
delivered with amplitude U , and both the limiting levels! shifted to one 
side to the same extent A Uj, as shown in Fig. 230, thé periods of 
positive and negative impulses become inequal. Their ratio is determined 


in the following way: 


— DoD = 


: AU, & us 
Jv - 2 arcsin Tate? 1 - 1,570, 
C= ~~ 7 
+ Ae = A J, (XIII.25) 
J+ 2 arcsin 7 1+ Tm, 


Usually, amplitude u of input signals in the electronic phase-neters 
reaches several tens of volts, and the shifting of A U, levels with 
stabilized supply is in the order of a few tenths of a volt. I, this 
connection,to avoid error periodic balancing of amplifiers-clippers is 
required, specially after the replacement of tubes. With a dipole congruence 
circuit or a dipole trigger circuit this error is practically non~present 
(43, 151). 

Error caused by the change in steepness of the impulse front depends 
on type of the selected amplifier-clipper and their number in a single 
channel. If several amplifier-clippers are used with anode-cathode 


clipping, the error does not exceed 0.8-1.0°. 


Thus, it may be assumed that the basic error of the phase measuring 
channel in the apparatus of aerial electric prospecting with periodic 
checking and correction of phase shift in this channel and in phase-meter 
channels is not over 1-1.5° (2.5-3% with 45° scale). Any further reduction 


of. error is only possible by means of special measures or by applying 
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More composite circuits for phase measuring. 
3. Error caused by fluctuation noises of field receiver and input circuit 
In the apparatus of aerial electric prospecting, the low-frequency 
receivers of the magnetic field are usually multiturn inductance coils, 
either with core or without. On frequencies below 100 cps, it is also possible 
to use successfully the magnetic modulation transmitters (16, 19). The 
magnetic field receiver is tuned, as a rule, to preset the operating 
frequency, thereby attaining increase in its sensitivity and selectivity. 
The receiver is connected to the measuring unit through the preamplifier. 
Therefore, its intrinsic noises and the noises of the preamplifier's input 
circuits in measuring the low tensions of the magnetic field can be 
commensurable with the useful signal in the field receiver. The noises are 
amplified by the pre-amplifier on a par with the useful signal and delivered 
to the measuring circuits, thereby creating interference and causing a certain 
error in measurements, which is a part of the basic measuring error. 
Investigations have shown that the noise level of multiturn coils of 
the frequency ‘range in aerial electric prospecting are not above the 
atmospheric level (usually they are by one order lower). For extremely 
highly-sensitive apparatus, it may be assumed that this level is 
commensurable with the useful signal. 
Given further is a brief analysis of the indicated interferences for 
the purpose of their quantitative appraisal and determination of the 
extent of their effect on the quality of operation of the receiving channel. 


Fluctuation noises of field receiver, It is well known that the noise 


source in the oscillating circuit is only the loss resistance r, since the 


ef ee 


inductance L and Capacitance C of the circuit are practically noiseless. 
The mean square value of fluctuation noises e.m.f, on the terminals 
of the complex circuit with resistance Z is determined from Naiquist 


formule (249): 


C2, 
Ee = a r(@) dw, (XIII. 26) 
tis Ww, 


3 joule/degr; T —~ absolute 


where k - Boltmann constant, k = 1.374.107° 
temperature, degr; r (a& ) - active component of resistance 4, generally 
dependent on frequency wo, and WO, - frequency limit, for which 
determination is being made of fluctuation noises e.n.f,. 

At room temperature (+20°C), assuming resistance r in the measured 


frequency range is constant and active, we obtain the following formula 


for the virtual value of fluctuation noises e.m.f. (136, 249): 


P20,127 VrAPrR aw —- Vrar, (XIII. 27) 
8 


bu 


where r - resistance, kohn; A F - transmission band, epss & - e.n.f., 
DV. 
Passing on to the resonance oscillating circuit, the equivalent 
diagram of which is shown in Fig. 231, we determine the voltage of 
fJictdation noises on the terminals of the circuit caused by the presence 
within it of the noisy resistance r. &.m.f. of noises in the circuit 
of the receiving frame acts consecutively; therefore, with resonance the 


voltage on circuit 


Uy ae Q, (XIII. 28) 


where Q ~ quality factor of circuit. 
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p wt 
Since Q = ae = , then from formulas (XIII. 27) and 


(XIII. 28) we find: 


2 
2 a a | p 
Uy = Gus — 64 ES F = P 
p2 | 
where = sae pa = Ry equivalent resonance resistance of the circuit. 


Puc. 231. | 


Fig. 231 


Frequency band fT for single oscillating circuit, which is the 
tuned receiving frame, will in this case get determineifrom the following 


relation (116): 


T= me (XIII, 29) 


where to is given in kilo-cycles. 


Therefore, the fundamental noises 


Uwe Boe TH» MB (XIII. 30) 


where resistance Roe is given in kiloohms, and the frequency band Tr - 
in kilocycles. 

As an eXample, we take the magnetic field receivers in apparatus 
AERI-2 (see Chapter VII). The results of calculation of equivalent 


resonance resistance, frequency band j7 and fundamental noises ee of 


—999: = 


these receivers are as follows: 


f, ope 243 487 974 974 1949 3898 
Ros kohm 32.5 122.8 208.3 92.5 244.6 231.5 
T1073, xeps 10.9 12.6 27.3 27.3 41.4 179 
Ua,» mov 0.075 0.15 0.3 0.2 0.4 0.79 


According to the data shown above, the voltage of fluctuation noises 
in the magnetic field receiver does not exceed 0.8 uv . If it is taken 
into actount that the main selectivity is concentrated in the measuring 
part of the apparatus, the actual noise voltage, affecting the measuring 
inputs of pertinent parameters of the useful signal, will be reduced even 
to a greater extent, due to additional selectivity at the input of the 
receiving systen. 

The receiving apparatus of aerial electric prospecting is meant for 
measuring the tension of magnetic fields of about 107* - 10-7 a/m; it 
would be of interest to reduce the fluctuation noises in the receiving coil, 
expressed in micro-volts, to units of measuring magnetic field tension 
anper/meter (assuming, that oa He! and to compare them with the 
sensitivity threshold of the receiving-measuring apparatus, The sensitivity 
threshold of the apparatus in aerial electric prospecting is taken as 107! 
o/n. | 

Signal, induced in the field receiver without core, by external magnetic 
field will be, according to formula (VII, 3), Es cH, Ve 

For a coil with ferrite core tuned into resosnance this signal could 


be determined from the following ratio (132, 165): 


PRR 
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~6 
Var 8M yf owS 10%, (XIII. 31) 


For the equivalent tension of the noise field we have 
H Si a (XIII. 32) 


J ane fo “Ws,2 


Substituting in equation (XIII. 32) U,,from formula (XIII. 30), 


expressed in volts, we find that the equivalent noise tension of the field 


H 2: VR a/M. (XIII. 33) 
Lit > 
64 pu k fows.e 


It would be of interest to analyse data, pertaining, for instance, 
to AERI-2 apparatus. It was fixed experimentally that the core permeability 
of multiturn coil in this apparatus Py guz ll. For the magnetic field 


receivers equivalent noise tension A » calculated from formula 


3 
(XIII. 33), has the following values: 
f, cps 243 487 974 974 1949 3898 
H , 107° o/m 1,8 0,95 1,12 0,75 0,84 1,78 


att.e@ 


According to the given data, the equivalent noise tension of the 
magnetic field receiver for almost all ieaetinis frequencies is considerably 
below the adopted sensitivity threshofd of apparatus, 107! a/m. Thus, 
the interferences in the measuring apparatus of AERI-2, caused by the 
natural noises of the field receiver, are insignificant and practically 


do not affect the magnitude of the fundamental error in measuring. This 
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conclusion holds true for the majority of the apparatuses in aerial 
electro prospecting. 

The noise levels of magnetomodulated transmitters not infrequently 
exceed the equivalent tension 107° a/m throughout the whole frequency 
range of aerial electro prospecting. Given below for comparison are the 


noise data of magnetomodulated transmitters, developed in FMI AN Ykr. 


SSR (16): 
Frequency of measured field, cps 75 925 
Time constant, gec 0.3 2 0.3 2 


Sensitivity threshold (with signal- 


ae ee 1078 a/m 1.6-2.4 1 0.8-1.6 2 


The search for ways to reduce noise levels in magnetomodulation 
transmitters has begun only during the last few years (17). In future, 
apparently, characteristics of these transmitters will be improved. 

Noises of input amplifier tubes, The current fluctuations of input 
amplifier tubes in pre-amplifiers cause an interference which, after 
amplification in subsequent circuits, affects the measuring systems of the 
apparatus. 

Calculations show that the equivalent noise tension of the preamplifier 
the first tube is negligible and, in any case, less than the equivalent 
noise tension of the receiving multiturn coil tuned into resonance. For 
instance, for the preamplifier of AERI-2 apparatus, if it is assumed thet 


= 4: where ae noise resistance of tube 6 1 (for triode cut in 


R 
oe uw, et 


rot 0.4 kohm, for pentode - 1.9 kohm (249) ), and the equivalent noise 


tension of the tube carried over to passband (for each operating frequency) , 
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then, in accordance with formula (XIII. 33), we get for the first 


amplifier tube: 


f, cps 245 487 974 974 1949 3898 
~9 : 
He lO a/m triode cut- 
in. 0.2 0.06 0.06 0.06 0.03 0.08 
pentode cut-in 0.43 0.12 0.13 0.13 0.07 0.16 


Experiments with short-circuited input of the gondola amplifier 
in AERI-2 apparatus have shown that on frequencies 243-1949 cps the 
noise level of the tube does not exceed centisimal fractions of microvolts, 
and on frequency 3898 cps is 0.5-1 microvolts, which is equivalent to 
field tension (0.81.6)10-°a/m. Identical results were obtained with the 
replacement of field receivers by active resistance, the selected value 
of which was the same as the resonance resistance of the field receiver 
on average operating frequencies, Therefore, the noises of the input tube 
are actually so insignificant that they need not be taken into account 
with sensitivity threshold 107 ‘a/n. 

With the use of special pretective measures (23, 249), the microphonic 
noise of the tubes could be reduced to a volume, not affecting appreciably 
additional and fundamental error in the measuring apparatus of aerial 
electric prospecting.. 


4. Regarding errors in subtracting circuit of compensator 


Electric compensation of the primary field signal is usually obtained 
by delivery to a special subtracting circuit of the indicated and 


compensating signals during the parity presetting of their volumes and 
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the fixing of appropriate phase shift between them. As a result, the 
output voltage of the subtracting circuit should be approximately zero. 

The general analysis of subtracting circuits has been given in 
(144, 151, 191); therefore, here we shall only briefly examine the 
errors taking place in one of the subtracting circuits, which determine 
practically the total error of the compensator. 

The main requirements of the compensator are: 1) maximum possible 
operating stability of the compensator, including that of the subtracting 
circuit; 2) maximum possible compensation, close to 100%; 3) invariability 
of the amplitude and phase of the compensating voltage. 

The quality of compensation, i.e., its penetration and stability, 
ere characterised by the working value of the subtraction factor K , which 
is the ratio of residual voltage modulus at the output of the subtracting 
circuit to the modulus of the compensated (input) signal, arriving at one 


of its inputs, i.e. 


=a Ce SE Ce 21, (XIII. 34) 


’s lu, - | \u,\ 
c 

where U, = un - compensated, and B, = U, - compensating signals. 

The amount of compensation is determined from formula (XI. 3). 

The most suitable for compensation in its simplicity, sensitivity 
and stability is the asymmetric subtracting tube circuit on resistances 
with symmetric inputs and asymmetric output, shown in Fig. 232, a 
(Fig. 232, b shows its equivalent diagrom). 

The subtraction proper in this system takes place in the grid circuit 


of tube L,. The L tube, at the input of which arrives one of the voltages 


(U,), plays the part of cathode follower, the output voltages of which 


- 604 - 


is fed to control grid of Ls tube, where simultaneously arrives the 
second voltage (u,). Therefore, the voltage virtually active on the 


grid of L tube, is equal to the difference of voltages U, = U, - Uy 


2 
applied to the subtracting circuit, and the variation of this 
difference determines the variation of anode voltage (current) of Ly 
tube. The Higher adjustable bias, fed to controlling grid of L, tube, 
makes it possible to obtain #, < f+, and thereby to balance the 
circuit, Other subtracting circuits, for one or the other reason, 

have worse Meterological properties, lesser value of subtraction factor, 


ete. (144, 191). 


Fig. 232 


The first and second of the above demands, imposed on the 
compensator in this system, are met mainly by the selection of the 
type of tubes in the subtracting circuit and its optimum parameters, 
and also stabilization of energizing voltages. The third demand is 


usually met by rigid coupling of the compensating voltage source to 
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current in oscillating frame or, with the use of comparative voltage 
from master oscillator, with the quartz crystal control. I, both the 
Ceses, stablization of parameters should be provided in the transmission 
circuit of the compensating signal from the generating unit into the 
compensator. 


The balance of the subtracting circuit take place with fulfilment 


of condition 


4 
be ae 1+ i ae é (XIII. 35) 
The amplification factor of the subtracting circuit at 
By cae Pe = }/ is determined from formula 


= ae RR (1+ Mh) 


K = | 
a (1+) R, (R, +R, +R) +R, (R, +R) 
1 72 i see 


(XIII. 36) 


Since usually (1+ }) R>>R,, it may be assumed that 


R 
K = A——___a-—--_ (XIII. 36a) 
See R. +R. +R 
+] +5 a 
If Rk, =R , then 
i, 1, 
Ro ‘os 
K oy Pp ——*—— = . (XIII. 36b) 
$.é oR. + R oR 
i a 1+ i 
R 
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In this case output voltage 


Uort = Kee (U, “ Up) — (u, re U;) (XIII. 37) 


But actually even with parity UL = Une the output of the 


subtraction circuit has a residual signal Jout ; 
min 
of which is determined by the noise level of the tube and instability 


the ninimum volume 


of its parameters and of the subtracting circuit elements. This minimum 
signal determines the fundamental error of subtraction, which could be 


expressed by ratio 


os (XIII. 38) 


where Ua (u, z Uj) ore 


The additional error of subtraction is determined from relation 


Atal in 


OS (XIII. 39) 
Kee Lye 


where Vout te increment of residual voltage, caused by the instability 
of the sheeeteiae voltages and the Variation of external conditions. 

In order ae eee the amount of compensation, it is necessary to 
increase in the gubtracting circuit signal/noise ratio at its inputs. 
This is attained by the selection of a tube with higher and stable static 

» and providing conditions of its operation, at which the transmission 


Yatio would be higher than one. Stability and linearity of the given circuit 


are determined by the selection of a sufficiently high cathode resistance 


~ 607 - 


Rye and amplification factor - by high resistance value of anode 
load R, i.e., by the selection of a + By eee formula 
(XIII. 36a) ). 

For the subtrecting circuit, the most suitable are double triodes. 
In order to assure minimum frequency error, this triode should have a 
high static steepness and low input capacitance. On low frequencies, 
used in the induction method of aerial electric prospecting, frequency 
error is usually disregarded, 

For an exact calculation of the fundamental subtraction error, it 
is necessary to determine analytically the intensity of Ue provided, 


min 


that K . a const and U.. =U - However, this is rather a 


in. nom 


difficult problem, requiring cumbersome calculations, therefore, intensity 


of U 


out.min is usually determined by experiments. The determined value of 


ere gives only the first component part of the fundamental error. 
The second component part is determined by the instability of the 
subtracting circuit amplification factor, caused by the variation of all 
perameters in the subtracting circuit (see formula (XIII. 36) ). 

Let us determine the variation of the amplification factor due to 


instability of parameters of the tubes and the circuit. The total 


differential of relation (XIII. 36b) will be 


OKe.e OkKse OK 
Ce ra Sg Re ae. 4 
S-¢ Op 0 + i OR a 
a 
(XIII, 40) 


Partial derivatives, which compose this equution, will be written as 
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Q Kee R. . OXKsc 3: 2p-R ’ 
OM ey aR, + Ro , oR, (or, +R, )° , 
OKs.g - (aR, +R) - MR 
OR, (R. +R ye 
i a 


Substituting into formula (XIII. 40) values of partial drivatives 


and simplifying, we find 


- fcn 2 
Hoke di] je ona gr + 


oR. 
i 
+ ~R(R, +R a, | : (XIII. 40a) 
a 1 a 
The relative variation of amplification factor of the subtracting 


circuit with variation of parameters I m R and Ro we get from relation 


& 
dK ¢ 


ce 100 = 


Eee. 


aR, ‘ 
pane Eee eee ee i 
l te a eR eR) Rg) .00, @. (XIII, 41) 
1 a a 2 a 


Knowing values PB, R, and Ro and setting their increments, as 
observable in practice, it is easy to calculate the numerical value of 
percentage variation of the subtracting circuit amplification factor. It 
should be mentioned that the main unstable parameter of the subtracting 
circuit is the inner resistance of the tube. With invariable values of 
voltages U, and U the variation of the amplification factor also 


causes corresponding variation of input voltage of the subtracting 
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circuit (see formula (XIII. 37) ) which, in the final count, determines 
the fundamental error of subtraction. 

As an example, let us take the subtracting circuits and their 
errors in two versions of apparatus + ABRIS and ABRI-2. 

For the carrying out of experiments it was proposed to investigate 
the effect on the subtracting circuit of the type of tubes, and also the 
circuit's parameters, at which the required extent of subtraction would 
be assured, as well as the stability of its operation, time stability 
and sufficient value of transmission ratio (Kk .> 2 The fundamental 
error should be reduced to a magnitude not exceeding 0.5-1%, whereas the 


additional, due to its insignificance, could be disregarded. 


Fig. 233 


For the subtracting circuit, the most suitable are double triodes 
64177 and 6H3 T} , which, as a rule, have identical characteristics for 
both its triodes, comparatively low inner resistance R, (11 and 7.5 kohm), 
low fundamental noises and sufficiently high steepness of characteristic 


$(3.2 and 4.9 ma/v). 
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In the development of the compensating system in AERIS with the 
use of tube 6H1, investigations of the subtracting circuit, shown in 
Fig. 233, were confined to the resistivity selection of anode and 
cathode loads, assuring the required extent of compensation, high time 
stability of its work, and also to the determination of the optimum 
bias voltages on controlling erids for implementation of condition 
(XIII. 35), stable subtraction and linearity et high, as well as low 
signals. 

Investigations, carried out at voltage of anode supply 300v, have 
shown that the optimum resistance values of anode and cathode loads are 
the following: Ro= 13 kohmn; Ro 13 kohm; R.= R-= 10 kohn, and bias 


5 6 
voltages - E . = -3.5v; E_. = ~6v. In this case, the subtracting circuit 


gl g2 

is linear with variation of input signal only from 50 mv to 5Sv or from 
50 microvolt to 50 millivolt, i.e. subtraction factor with compensation 
of high signals comprises 10°, and with compensation of low signals - 
107. Additional error from the variation of supply voltages with the 
indicated parameters of the subtraction circuit is quite negligible. 
This error is shown in percentage in Table 22. By applying the stabilized 
supply sources, the additional error could be totally eliminated. 

The fundamental error, determinable from formula (XTIT, 38), comprise 
with compensation of signals upto 5 v 4%, and with signals upto 5 mv, 
0.5%. Therefore, the amount of compensation end its linearity increase, 
whereas the fundametital error gets reduced with admission to the inputs 
of the subtracting circuit in relation to low signals not exceeding 
0.1-0.5 v. 


With the use in the subtracting circuit of double triode 6N3P 
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(compensator of AERI-2 apparatus) besides confirming the parameters of 


the circuit shown in Fig. 234 (R, = 300 kohm; R, and R, - 2.4 kohm each; 


4 


Ke = 10 kohm; R, = 200 kohm), determination was made of the dependance 


7 
of its basic characteristics on destabilizing factors. 


Table 22 


Parameters 


Uy pzo0nv; la -3.5V 


Uoat? nye 56 
Uougm Ones om -6v; 
AU_., mev +6 
out 
1; S 4% +0,012 


Dependence of subtraction coefficient upon variation of filament voltage 


(the anode voltage is stabilized). Three tubes 6N3P, with small difference in 


parameters (Table 23), were taken for determination of the given relation, and 
then the necessary measurements were Carried out with the change of tubes. The 
experiment was conducted in two versions and in both of them the same signal 


Un = 1 was admitted at the input of the subtracting circuit. 
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Table 23 


In the first version, by selecting bias voltage with invariable Ba 


the decumpensation voltage was set at UG = 17 mv, which corresponded to 


ut 
the subtraction factor K = 107, Then the filament voltage was varied by 

* 10%. The charactristic curve of tube 1, obtained as a result of experiment, 
is shown in Fig. 235 (curve 1). Similarly, the curves were taken for tubes 

2 and 3 (curves 2 and 3 respectively). 

In the second version, the maximum possible compensation was attained 
by the selection of bias. With this amount of compensation, the subtraction 
factor was upto 107? (for any tube 6N3P the value of factor does not exceed 
10°”), With the variation of the filament voltage by 110%, it was possible 
to obtain the curves sought for shown in Fig. 236 for tubes 1-3 respectively. 
According to these curves, the highest stability with the variation of the 
filament voltage has the subtraction circuit, in which the tube applied is 
with low difference in parameters of triodes (tube 3). 

Dependence of subtraction coefficient upon temperature was determined 
for tube 3 only at positive temperatures, since the compensator in this 
apparatus operates, as a rule, in conditions of stable positive temperatures 
approximately 35-40°C. 


Curve 1 (Fig. 237) for the theoretically required subtraction coefficient 
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of about 107°, was taken at initial temperature + 20°C with its subsequent 
rise to + 45° (heating of the whole subtracting circuit in thermostat). 
Curve 2 was taken in reverse order, i.e, at first, the maximum possible 


was obtained at +45°C, then the circuit was gradually cooled to +15°C. 


Fig. 236 


The curves in Fig. 237 show that the subtraction factor in interval 
20-40°C in both the cases remains less than 107, and its minimum variations 
correspond to the temperature range 20-35°C. The working temperature 
conditions of the compensation system require its additional cooling by means 
of a fan or outside stream of air. In this case, the stability of the 
compensator work is considerably increased and the subtraction coefficient 
could be brought up to 1077. 

As recgns the intensity of the admitted voltages for the given 
system, the same conditions prevail as for the subtraction circuit assembled 
on tube 6N3P. Therefore, if the input voltage of the useful signal exceeds 
0.5v, it should be admitted into the subtracting circuit through ohmic 
divider with division ratio about 1:10. 


This investigation of the compensator's subtracting cireuit in 
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AERI-2 apparatus, in which the main demands were met, has shown that 
its fundamental error does not exceed 0.5-1%. By stabilizing the supply 
voltages and applying thermostable details, the additional error in the 
working conditions of the apparatus could be brought down to 0.2-0.3%. 
and need not be taken into account. The subtraction factor in upto 


o. 107, and the amount of compensation, which is assured directly 


5°10 
by the compensator, is quite sufficient for the purpose of aerial 
electric prospecting, i.e. almost 100%. 


5. Vibration errors, caused by the variation of field receiver 
preset orientation a 


In flying conditions, the highest errors may emerge in the measuring 
unit due to vibrations and the preset orientation variation of the field 
receiver in space. To confirm this let us find the magnitude of linear 
displacement of axis in the plane of receiver's axis magnetic meridian 


of the vertical component of the resulting field with vibrations of the 


| 
a 
| 


Puc. 238. 


Fig. 237 Fig. 238 
receiver in the magnetic field of Earth for the case when the e.m.f, 
induced in the receiver, is of the same power as the taken sensitivity 
threshold of the measuring apparatus, for instance, 107" a/m. Assuming 


that the field receiver is swinging in relation to the vertical line 
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(direction N) and the deviation angle varies sinusoidally, i.e. W= Wysin O pte 
Generally, the angle between the direction N of the field receiver and the 
vector of the magnetic field of Earth H, equalsq) (Fig. 238). Let us determine 
the e.m.f. induced in the field detector by the constant magnetic field of 
Barth. 

For the field receiver, made up in the form of a multiturn inductance 
coil, the e.m.f., induced in it by the varying magnetic flux (see para 2, 
Chapter VII) will be 

gegen 
dt : 
where C= BY Se ~ constant of the field receiver. 

In the case in question the time variable magnetic flux could be 

replaced with vibrations as its simonilian to the variable field of Earth. 


Therefore, with accounting for the above conditions of vibration e.m.f. 


we get 
Ca dcp 
hao ee ee eke ae vem el, 
eu = + at = at C i cos (WP -u), (XIII. 42) 
1.@. 
Cub =- ma (c, Hcos vo cos Wr Cy Hsin "sins ) = 


= CF H,cos P sin wp au - ¢, Hsin UV cos Wy av = 


=, He Oo, gp cos P sinafrcos Wy, t - 2 Hs Ob nein V cos vpeos WO yt. 


Since H cos V = EY ie vertical, and Hsinv? = Hye ~ horizontal 


components of the Earth's field, we may write 


eb = % EY. ‘ Og fn? rp cos yt - cy Hs WD 4, \Y7,,c08 cos Wyt- 
(XIII. 43) 
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Angle) is negligible, therefore, it may be assumed, that sin 


Web, cosip.~ 1. In this case 


sure Sp Bs Oye aWerE OE = 6, 5p go" Oaat 


tf 


‘a 2 : Ey ‘ v a 
CF Hy. © gf Ys sin wit cos Ot - . H 23 CO. cos Ct = 


1 + 
2 ni 2.3 wb? gin 20, = qi Hs Oy Vo cos OQ) t. 


(XIII. 44) 


Hence it follows that in this case the e.m.f., induced in the vertical 
field receiver, is determinable by the difference of two components, one 
of which is specified by vertical, and the other by horizontal components 


of the Earth's field, i.e. 
_ _B.3 r.3 
coh = yb Seb Grn) 


In accordance with equation (XIII. 44), the vibtation's e.m.f., 
specified by the vertical component of the Sarth's field, veries with 
double angular frequency of vibration 2 Wo? and is proportional to this 
component's value and the amplitude square of deviation angle - - But 
the vibrations e.m.f., specified by the horizontal component of the 
Barth's field, varies only with angular frequency of vibrations Oy? and 
is proportional to this component's value and the linear amplitude of 
deviation angle fy, + 


vy.e pve 


Therefore, it is possible to write Sp = §, sin 20) pts where 


1 a 
EY Fe CO) 2" _ chee .e .e 
n 2 mn ~ vb ea eo = = cosc® ,t, where = = ey 


vb 
WY th e° 


b 
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The effective values of the shown e.m.f. are the following: 


y.3 
E V2 

3 fa] f > 2 

oS Sar uae am ee Ta 
ps 


ae 5 = 73 = 20, mf yb Mates ° (XIII. 46) 


The effective value of the e.m.f., actuated in the field receiver vy 


sinusoidally varying magnetic flux He will be 


EB 
Bd eee a re f ofa? (XIII, 47) 


v2 
where fy - operating (resonance) frequency of the field receiver. 
The calculation of vibrations e.m.f. in the case of horizontal 
orientation of the field receiver are implemented in the same way. 


‘In accordance with the previously assumed condition that Es = 


Vv 2°10" e/m, (the effective value of sinusoidally varying magnetic 
flux = 107! s/n), and also 


a 


and taking into account formulas (XIII. 46) and (XIII, 47), from relation 


=] (XIII. 48) 


(XIII. 48) we get 


Beep Vent H, 2+ 


: 3 = = : 5 = 1; 
He v2 cathy yNb fo Hy. FubV a2 ws 
(XIII. 48a) 
oo ven Fe Fafa 
aod f2 Cy a f gh Has fab a h.3 


(XIII. 48b) 
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From the formulas (XIII. 48a) and (XIII. 48b) the amplitude is determined 
for the operating frequency fy of deviation angler}: 

For instance, for the operating frequency oe 244 cps in an area with 
density of the Earth's field comprising on an average 34 a/m for the 
vertical component and 16 a/m for the horizontal, we find: for the 


vertical component 


ee -7 
2ta 2 nee 10 
wy B-3 2 EA ee lie a 0,13. 107? pad ae" , 
f yb “B.3 o 34 
2 


and for the horizontal 
or the fe) f ora - Lut, 
v bb 


Ps 4n7! 
iH 244. 2.10 
Wy red Oo 3B 
= ——-S —S——— ——  ————— 0,09. 10 par 1 . 
mn f wb Hg 244 . 16 


The variation amplitude of the axis slope in the field receiver with 
vibrations corresponds to linear displacement (swaying) of one of its ends 
in relation to the other to an extent of Ax. 

In the magnetic field receiver of AMJRI-2 with its height 125 mm for 

Vee - eanm 3 h.e = 
Api? we have Ax. = 125.0,13210 “oy 16.10°"mm and for~p"® - Ax, o= 


a These negligible displacements on the 


125 .0.09.107 oe 1.13°10" 
operating frequencies of the apparatus are quite likely with the suspension 
of the field receiver in the outboard gondola, even more so with its 
setting directly on the aircraft, specially on helicopter (154). 

From the given calculation and formula (XIII.44) it follows that for 
the vertical field receiver the main (decisive) factor is the vibration 
interference, specified by the horizontal component of the Earth's field, 


For the horizontal field receiver, as shown by a similar calculation, 


the main factor is the vibration interference caused by the vertical 
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Component of the Earth's field. 


Let us take the errorsemerging due to the incorrect initial setup of 
the field receiver or random static variations of its orientation in 
respect of the preset direction, very likely in conditions of flight 
(for instance, in the apparatus with the outboard gondola of induction 
aeromethod they are caused by the impact load on the gondola). This may 
cause a substantial error in measuring. 

If the random variation of the vertical field receiver’ orientation 
for instance, of aerial frame) is occurring in the flight plane (Fig. 239), 
the e.m.f., induced in the receiver by a harmonically varying primary field, 
will be 

e=- are cos (+8) sin t= 


=-0 C H (cos P cos p + sinv” sin ) costo t. (XIII. 49) 


Since the angle of deflection’ is usually negligible, the term 
sin? sin 6 costO t of formula (XIII. 49) could be disregarded. As a result 


we will get 


ew- we, H cos cos fp cos U) te (XIII. 50) 


Pig. 239 
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Thus, in the given case the amplitude of the e.n.f. induced 
in the frame varies in proportion to the cosine of the deflection angle DY. 
For instance, with deflection of the frame by 10° the variation of the 
é.m.f., induced by the primary field, is only 1.5%. This is comparatively 
a low intensity. However, for the apparatus of some aerial induction 
methods, it may be commensurable with the useful signal. In two-plane 
and also in the helicopter versions of the near zone, when a second 
(compensation) frame is being used, interference of this type is very 
negligible, due to the subtraction of signals activated in the frames. 
The additional error, emerging in this case, has practically no effect on 
the total error of measuring. 

If there is a spontaneous variation of the preset orientation N of 
the field receiver, and direction of the tension vector of the primary field 
i coincides with this direction (Fig. 240,a), the e.m.f., activated in the 


field receiver, is determined from relation 


d == a7 
(lc. 4 = = ? 
e' = at j En sin ®t OO H ncos Wt, (XIII. 50a) 


where n, - unit vector in a plane perpendicular to the plane sy of the 
receiving frame; in Cartesian coordinates 

n, = inj, + dye kn, = i cos 0+ j cos B+ k cos - 

In the present case 


H a, = Hnsz = Aon, coey = ae aaa 


the mod. value of the unit vector is one, i.e. (ms) = 1). Therefore, 
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e' = -W CH cos Y cos Ht. (XIII. 50b) 


Generally, if the direction of the vector does not coincide with 


” 

the preset orientation N (Fig. 240, b), then with spontaneous variation 
of the field receiver's orientation 

el=- WC. HL cos cp cos Wt, (XIII. 50c) 
as the scalar product of vectors 

Hono, = Hon + Hn + Hons, =H cos, (XIII. 51) 
where 

H ny sing +H _siny cos 7@+H cosy 

cose = a aa — 

With normal orientation of the field receiver ( y= we have 

er WC. H, cos 8 cos@ t. (XIII. 52) 


The virtual increment of the e.m.f., induced in the receiver by primary 


A 


field H, is proportional toa difference A= . aoe i.e. 
AE = cz (cos cD - cosf ). (XIII. 53) 


Usually, the variation range of angle cp does not exceed a few degree; 
therefore, the variation of difference cos p- cos 6 is negligible. 
Consequently, the amount of the e.m.f. increment, i.e., the error, in this 
case, will be low (interference will constitute one per cents of the e.n.f. 
ey activated in the field receiver with its normal orientation). Naturally, 
all this holds true when there is no electric compensation of the primary 


field signal. 
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Considerable variations of:orientation of the field receiver result 
in considerably greater error. However, these variations are purely 
incidental and of short duration; hence they need not be taken into 
account. But if the orientation change is static and takes place during * 
the initial setting of the field receiver or during the flight, there 
is constant displacement of indications, which could be easily noted 
and compensated during the first calibration or checking of the receiving- 


measuring channel. e 


- - ee Due 940. a - 
Hig. 240 


Thus, it may be assumed (and this is confirmed in practice) that 
the error from random changing by the field receiver of the preset 
orientation does not exceed 1 - 1.5%. It is subtantially less in the 
apparctus of the aerial induction method, where the e.m.f., induced 


by the primary field in two receivers, are reciprocally subtracted. 


6. Dynamic errors of RCQ (recorder of complex quantities), 


The main selectivity of the measuring apparatus in the narrow band 


close to the operating frequency is concentrated, as a rule, in recorder 
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circuits. This means that the inertia of recorder circuits introduces 
substantial distortions into the recording of normal and anomalous 
signals, causing additional dynamic errors of apparatus. 

Generally the analysis of dynamic properties of analogué: type RCQ:is 
carried out by the operative technique. According to (135, 164) the 


total error of RHCQA X(S) will be depicted as 


AN x(s) = —ey er (XIII. 54) 


where x(s), K(S) ana A (s) - terns, showing, respectively the input 
signal X, the transmitting function of direct circuit of the system 
of feedback circuit. 

Expanding function A X(S) into series according to ascending power 


S, we obtain a series, convergent with low S values: 


A 
AXx(s) = (A +4)8 + 24 s* + so +... )x(s). (crt. 55) 


To obtain the original A X(+) each term is inversely converted 


Ax(t) -ax+a_ax + _4 ax As aK +. . .(XII. 56) 
o* Art a1 eee i 


These series converge with high times t (i.e. in stable working conditions). 
Thus, the error AX(t) consists of static error A. (x) and of dynamic 


errors, proportional to derivatives of the measured time function 

A 2 
ate , —2— , 24 ete. static error A (X) takes place in RCQ of 
1 dt 2 at? ° 


static type (89, 135); it is usually taken into account during calibration 


of the scale. 
For determination of dynamic error Axaynlt), it is often quite 


sufficient to summarize two dynamic errors, proportional to the first 


BiG oh a 


and second derivatives from signal, i.t. to assume that inequeation 
; 2 


(XIII. 56) initially a const, and then ak = conste 
dat ate 


Sometimes for determination of the dynamic error the application is of 

a more graphic method, applicable to a majority of the described RCQ 
systems, which permits judging from the ideal system, described by the 
linear differential equation of the secondary order, the behavior: of 
real system, involving some equivalent parameters. lhe method is based on 
Ishlinskyi's principle (95, 135) of reducing linear differential equation 
of a higher order to a differential equation of the secondary order. 
Resolutions of this equation are known for a whole series of external 
effects and could be reduced to general parameters and graphic curves, 
Therefore, the foremost requirement is to determine the nature of outside 
effects. 

According to theoretical and experimental data of aerial electric 
prospecting, a considerable number of determinable anomalies could be 
described either by a sinusoidal wave with frequency $2, or more 
approximately, by a single rectangular impulse with duration U (we shall 
call them "typical" anomalies). This should be accounted for in the 
analysis of the secondary differential equation and it should also be kept 
in view that the interaction time of the anomaly of. the measured parameter 
with the measuring apparatus ‘Tis limited by the speed of survey v and 


the width of anomaly 1: 


ae 2 ; Sllak - (XIII, 57) 


b+ fag 


Thus, the RCQ equation in its complete form will be written as: 


[p°+ 2np +r] Pat (t) =@ Pe (tl, (XIII. 58) 


where n — damping factor of systen, W 67 fundamental frequency of 


p,( 0 ,)= 
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undampted system oscillations; value Pt) is determined by "typical" 
anomalies (any kind of effect could generally be estimated as calculated 
enomalies) ° 


We resolve equation (TTT. 58) at the initial zero conditions for 


anomaly of the type of duration jump ‘T = 3 


1+ os eet sin(&, @ ,- 1) 


Zk 
Pout (BE) _ eens ies (XIII, 59) 
1 £. . 
tor ben Entefsin ( £0 4 -ah) - 
Sewe sinf €,(0, - On) ~~) 
\ tpt 0,20, - 
Here 
K 2 2 2 
6,=W +t; &.-=— ;K = & -n, 
t k Ww, 
: n = Ze 
G2 Gs Vey. . 3 eo oo, ety acerstg 


From equation (XIII. 59) we plot curves, which make it possible 
to judge the distortion of the "typical" anomaly. Fig. 241 shows curves 
p= f (Q) for various values 0, at E = 0.86 ( G3 = 41.3 rad/sec, 
n= 35.7 rad/sec). These curves may also be used to determine U values, 
at which considerable distortions of the measured signal anomaly are 
evident in the form of a jump, and from them to determine the required parsmet- 
ers of the RCQ system. 
Similarly, equation (XIII. 58) is resolved for anomaly in the shape 
of sinusoidal wave with duration = —{)— and the curves plotted in 


dimensionless coordinates ( CO os 7] )e In this case for the initial 
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zero conditions we get 


1 


¥sin ( € O,-%p,) - 
(Ge 62 eae 2 2? p oe 
o n =o 


E é 
° ~ é - (é 
op, 04) = _ Ex e n t+ sin (4 0,- ~b) 
(XIII. 60) 
0 <6, <. OF 
6x 
r.0,)-F( 0,- @,) MPH Oe > 
where 
! 24, £4 @ ; é = K ; 
Wi = arctg - ge H E, = Ge k Wo 
fo} 
-2€_€ Wo 
n-k n 
= ercte ; Es , 6 = 2 
We 7 * ae ee n @ v (om 
n 0 
soe SS : : o -£& @ 
F( 0 )) ae ae es £5 Oe uy) - a. * nt sin 
(l- €°)%+4E CE 
re] n Qa i 
(Ey Oe tb) | , 
1 
F( 0 ,- O.) = 


fas E( O,- 0) Wy] a 


~2,2 2 2 
(1- oe 


-é ; 
fo ( O,- O) sin E(0, - 8.) - 9p, 


Fig. 242 shows curves P= t( d,) for various values O. , calculated with 
the above-taken Wy values ( é= 0.86). These curves clearly show distortions 
in the amplitude and shape of anomalies of the measured parameter. In the same way, 


curves may be plotted for’ any values of factor €£. 
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7.  Wethodical and geological errors 


In the analysis of methodical intereferences (see para 6, Chapter IX), 
it was pointed out that they pertain mainly to the aerial induction method 
and dominate a number of other interferences. Therefore, these interferences 
determine the resulting error of measurements. 

With the available swieuated data regarding the magnitude of methodical 
interferences, it is easy to determine the methodical error caused by these 
interferences (in relative and absolute values). 

For the aerial induction method, with a murvespread out in space and receiver 
of the field, it is possible to determine from formulas (IX. 19) and 
(IX. 20) the relative and absolute y measuring errors (dimensionless) 
during the reception of the vertical aa well as horizontal components for 
any location point of the field receiver within the variation range of the 


gondola's drift angle 6 = 0 + 90°. 


- 628 - 


For the vertical component the absolute error value 


Hy : 
te aa = - 3 sin 2 i) (XIII. 61) 
relative value 
H A 
sin 2 6 
Wo AO KB 2-8 aes eee (XIII. 62) 


For the horizontal component the absolute error value 
H 
= ps =3cos2 0 . (XIII. 63) 


relative value 


| er See —_ =2ctg2@ . (XIII. 64) 
a Hy AO sin 29 


Fig. 243 shows the curves of formulas (IX. 21), (XIII. 61) and 
(XIII. 62) for the vertical component and Fig. 244 - curves (IX. 22), 
(XIII. 63) and (XIII. 64) for the horizontal, calculated with variations 
of angle O from 0 to 90°, The same figures show the variation curves 
of interference ¥f. and , (in dimensionless form) in relation to 
angle 0 (see para 6, Chapter IX). 

Analysing Fig. 243, it is possible to draw the conclusion that, in 
the region delimited by angles 0, ~~ 45° and 0. Gv 62° (boundaries of 
the region are marked by hatching), the relative error is very high and that 
with a flexible geometry of system measuring the vertical component in 
this region is inexpeditnt and at @ ~y 54° -, is generally pointless. 


As the points, at which 8 —> 0° and 0 —> 90°, are approached, the relative 
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and absolute errors decrease, becoming zero at ‘el = 0 and 
@ = 90°. 

From Fig. 244 it follows that in the two regions, delimited by 
angles 0-10° and 80-90° (the region limits are marked by hatching), 
the relative error is very high and that to measure here the 
horizontal component with the flexible geometry of system is 
inexpedient and, at © = 0 and 0=90° -,it is pointless. As the point 
is approached, at whichO~ 45°, the absolute and relative errors 
become considerably less, tending towards zero at @ = 45°. 

With the available calculated formulas for determining the 
primary field tension or its components at the location point of 
the field receiver (see paras 2-4, Chapter Iv), and aiso with data 
regarding the variation of the measured component with disruption of 
system's geometry (see para 6, Chapter Ix), it is possible to determine 
the magnitude of methodical interference. Thereafter, it is easy to 
determine the real sensitivity of the apparatus and the magnitude of 
methodical error, for the adopted meesuring range of signal in one or 
the other group in the aerial induction method. 


For AshI-2 apparatus, the intensity of the signal from the vertical 


component (fp = 488 cps) UY Zz 0.6 mv (see para 11, Chapter XI), and 


the variation of this signal with disruption of system's geometry in 


Y wm 17% (see Table 14). Thus, the 


the range AO = 2° is 
intensity of methodical interference Unei xz 200 mev, and methodical 


error Ys = Yo mw 33%. In the same conditions and reception of the 


= 630 a 


horizontal component we have U, c 1.2 nv (see para 9, Chapter xI), 

ee ae 

apparatus with parameters of source and the field receiver sinilar 
AH, a 

= 1.57 mv, ~—> = 0.24%, U v~ 4 mcev and 


a meie- 


= 5.6%, UL ov 135 mov, yz p11, For the Canadian 


to A#fRI-2 uh 
ys 30-25%. 
From appropriate formulas and tables, determination of the 
methodical error for induction methods is made in the same way, in 
which the signals of components, picked up by two field receivers, are 
subtracted one from another. In this case, the methodical error is 
determined from Table 17 for the version of the rotating magnetic field 
and, from Table 18, for the linearly polarized field. 
For the first version, with distance between planes r = 200 n, 
U_ =U, = 125 mev(234) and the deflection angle ARO =Acgps 2 


y 


we haveA 9% vx 0.72 (see Table 17), U 


mn. AS 069 mev, Ys 0.7%. 


For the second version, with the same values of r, U and NO 
for the horizontal oscillating frame with the measuring of signal 
ratio we get A 19% (see Table 18), Ug A 24 mev and 
Y3 ce 19; with the measuring of signal difference - Aw\4.%, 
Ug Fe 18 mov and Y3 ow 15%; for the vertical oscillating frame with 
the measuring of signal ratio ~ 9.%, Ugo 12 mev and 4 3 Fe 10%; 
ws 9 mev 


with measuring of the difference of signals - A = 7.3% Uy 


and y3 a<T. 


o1 


Thus, the error, caused by methodical interference for certain 
versions of the aerial ‘induction method, specially for those with one 


Place and helicopter with the outboard gondola, is fundamental; in many 
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Cases it is quite considerable. In the BDK (infinitely long cable) 
method with the outboard gondola variation of the system's geometry, 
caused by the bumping of the gondola, the same results, as in the 
induction method, in the appearance of pseudoanomalies, i.e., actually 
in the methodical error. This question is dsaoussed in detail in (148). 
In the application of the BDK method, pseudoanomalies from the 
bumping of the gondola are of two types: anomalies due to deviation 
of the field receiver from the preset horizontal position in a 
vertical plane, and anomalies, obtained with deviation of the receiver 
from the line of profile in the horizontal plane. The anomalies of the 
first type are characteristic for the zone directly adjacent to the 
cable, in which the intensity of the vertical component exceeds that 
of the horizontal or is commensurable with it, wheress the direction 
of the total field vector is almost vertical. This bumping of the 
gondola is hardly noticeable from the helicopter. The usual indication is 
the slow (with a period 5-10 sec) forward swaying of the gondola in the 
flight direction. The characteristic feature of such pseudo snomiliies “os 
the alternation of relatively flat field peaks, low in amplitude: and 
with sharply pointed troughs, corresponding to moments of intersection by 
the field receiver of regions with low and high gradients of the field. 
The pseudoanomalies of the second type appear usually in marginal 
parts of the survey area where the groundings begin to affect the non- 
uniformity of the field parallel to the cable. The same conditions could 


be due to geological irregularities in the cable zone. The magnitudes 
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of anomalies are proportional to the cosine of the angle, formed by 
peak intensity vector of the field in this plane with the axis of the 
field receiver. 

Investigations show (148) that on low frequencies the pseudoanomalies 
(with disorientation of the field receiver in the horizontal plane) 
could sometimes be commensurable with the anomalies caused by geological 
objects (10-20% of normal field); on high frequencies (976 cps and higher) 
they become insignificant (2-3/). 

A rigid attachment of the field receiver sharply reduces error due 
to its incorrect orientation, as the deviation of the aircraft during 
flight from the preset course is less than the deviations of the gondola. 

Connected directly with the error, caused by the variations of the 
system's geometry, is an error specified by the non-linear polarization 
of the primary field by the metal mass of the aircraft. In the metal 
mass, which is in the high intensity field of the oscillating frame, 
eddy currents, generating secondary field are being induced which 
generally do not coincide in phase with the field of the oscillating 
frame. This may result in the appearance of elliptical polarization of 
the primary field, thereby causing an additional error, specially in 
: phase Measuring. However, the experience of working with AERI-2 has shown 
that on frequencies below 1.5-2 keps, when the conductibility of the 
metal mass of the aircraft may be assumed to be purely active, the 
appeerance of reactive component is hardly likely. This cen be seen 
from Fig. 195: on frequency 1949 cps, the phase variation of the signal 


does not exceed 3-3.5°, and on frequency 243 cps, it is practically 
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non-evident. On high frequencies this error could be compensated by 
transnitters and the compensating frame, generating the alternating 
magnetic field of corresponding phase and intensity, which compensates 
the field of eddy currents in the metal mass of the aircraft (6, 253) 6 

The geological snter ferences of the induction and other methods of 
aerial electric prospecting are caused by the irregularity of surface 
layers, drifts and surrounding medium. These interferences are one of 
the chief sources of pseudoanomalies (measuring errors). The presence 
of geological interference results in reducing the penetrating capacity 
and resolving power of any method in aerial electric prospecting with 
the harmonic field. 

It has been pointed out (see: para 3, Chapter ¥) that one of the 
possible methods for reducing geological error is the simultaneous 
survey on two different frequencies (for instance, 250 and 1000 cps or 
400 and 2000 eps). Other methods for reducing the interference of 
geological origin are sufficiently fully Aiagussed dn (69, 71, 117, 
251) .. Some reduction of effect from the variation of the system's 
geometry can be obtained by measuring the difference or the sum of 


signal components from the two-frequencies field (127). 


8. Appraisal of resultant measuring error in the main versiona 

of the serial induction method 

After classification of the main interference sources in the induction 
method, quantitative evaluation of the chief ones and errors caused by them 
it would be possible to determine the resultant error in measuring and 


to recommend a selection of the optimum measurable parameters for one 
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or the other version. 

Brror of the first group, i.e-, the summarized apparatus error, 
is natural to the apparatus in every version of the aerial induction 
method. Where the measuring systems belong to the medium accuracy 
class, it is on an average 4% in measuring the modulus, approximately 
3% in measuring the components (due to higher interference-stability of 
phase-sensitive voltmeters) ard 1-2° in phase measuring. This kind of 
apparatus could be applied for exploration and mapping of extensive 
areas with the use of verious induction methods (plane vergion with 
gondola let out on a cable of considerable length - 100-150 m; 
"Canadian" plane version of induction; one- and two-plane versions of 
VuP (rotating magnetic field); two-plane version of induction with 
linearly polarized field, i.e., according to Fable 1 - versions 2;3 
and 5 of first class and versions 1 and 2 of the second). 

For the apparatus with sensitivity thereshold over 107! a/m, 
meant for detailed investigations in limited and previously explored 
areas with the aim of discovering purely ore objects, error of the 
above order is unacceptable. This type of apparzetus (versions 1; 4 : 6 
and 7 of first class) should be equipped with the measuring systems of 
higher accuracy, so that the summarized apparatus error would not 
exceed 1.5-22 in modulus meesuring and 0.3-0.5° in phase measuring. 

Error of the second group, as shown by investigations, is not 
so important and is mostly of random nature. If it is taken into 


account that the sensitivity threshold of the apparatus in the serial 
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induction method composes 107? a/m, the continously active portion of 
this error could be assumed as 0.5-1.0%. This holds true for the 
apparatus of the induction method with spread out source and field 
receiver on the condition that the field receiver is located in the 
outboard gondola with the length of the cable not less than 15-20 n. 
In the apparatus of VHP and linearly polarized’ field, this error 
becomes reduced due to the automatic subtraction of signals. 

The apparntus with combined frames, located directly on the 
aircraft, is more exposed to vibrations, accoustic noises rotating 
screws and electric noises from the electric equipment of the aircraft. 
With sensitivity threshold 1077 a/'m and effective protection from 
vibration, acoustic and electric noises, the constantly active portion 
of error of the second group’ still increases, comprising 1.0-1.5%. The 
peak of the error falls to low operating frequencies (100-250 cps), on 
which it could be upto 35%. 

An analysis of the three groups of errors shows that the third 
group frequently determines the selection of the measurable component 
of the resulting field from the stand point of assuring the minimum 
error. Form Tables 14 and 16, it is possible to determine which of the 
two components - horizontal or vertical - is preferable with the 
variation of the system's: geometry for field reception in one or the 
other version of the first class induction method. If the drift angle 
of the gondola O is zero or 90°, it would be more expedient to measure 


the vertical component, but if O= 45°, - the horizontal component. 


With the application of combined frames, it is expedient to use the 
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horizontal component. 

In the apparatus of the induction method with the drift angle of 
the gondola 0; 45 and 90°, ait would be more rational to apply the 
simple method of electric compensation of the signal by a circuit of 
invariable initial phase of the compens:ting voltage, matched with the 
initial phase of the primary signal. As shown by Fig. 174, a, with 
penetrating compensation and insignificant variation of the system's 
geonetry, it is also possible to measure, besides the modulus and 
orthogonal components of the signal, directly phase shift Pp rw A SP, - 
It is expedient also because, according to the curves in Fig. 56 and 
57, it is possible to determine from the measured angle Pw Pp, 
parameter y we. In the other methods of electric compensation and 
other versions of the induction method, the implementation is of 
relative measuring and the results obtained cannot be directly used 
for determination of the absolute value of the phase parameter. 

Thus, it may be assumed that the resulting error of the first and 
second groups ( errs vy? y2- 100%) has, on an average, the 


following values (132): 


a) for survey investigations with the measuring of modulus Yres 
5=5.5%, component Y res, = 4.545%, y res, = 4:4.5% from the 45-degree 
scale of recorder; 


b) for detailed investigation with the mecsuring of moudlus Yr res, = 


225%, component Y re S. = 252.576 Yres, = 1.7£2.2% from the 45 


degree scale of recorders 


It should be mehhioned that the versions of the induction method 
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systems, meant for geophysical survey investigations, may consist of 
a set of apparatus, permitting simultaneous recording of several 
parameters of the resultant field signal on two essentially different 
operating frequencies. It would also be expedient to supplement these 
systems with the apparatus of other aarogeophysical methods, The systems 
meant for detailed investigations in previously explored areas, due to 
the necessity of increasing the measuring accuracy, usually record one, 
the most effective, parameter of the signal and, as a rule, on one 
operating frequency. 

Table 24 gives the values of average errors of the basic versions 
of practical induction methods and also the recommended methods of 
electric compensation of the primary field signal and the optimum 


measurable parameters of unbelanced signal. 


9. Error in radio-transmisgion of the main signal, 


Recording of f. and v by the measuring apparatus of the BDK 
nethod requires transmission of the main signal U, from the ground 
generating unit to the mobile measuring unit. With absolute measuring 
of Pp it is necessary that the v, phase in relation to the circuit 
in cable I, should be known (it is preferable to have P= 0) and be 


constant in time. ov 
The phase errors of radio-channel for the main signal AP, could 
be shown eas the sum total of errors inits individual elements: 
A Pm=APy st APE. tARyRtAP, 
Pan Pes ‘ cH Hee (xtTT, 65) 
where AG 5 phase errors of comparative voltage take off systen; A Pe 


-phase errors of radio-transmitter; A Ra- phase errors, caused by the 
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expansion time of the main signal in ether; eS phase errors of 
radio-receiver. 

As shown in (57), the phase errors of the system for taking off 
comparative voltage from the line with current I, are low =~ upto 
AQ. =30-40 min on all the operating frequencies. 

The phase errors of radio transmitter AG, ot? determined mainly 
by the non-uniformity of frequency and phase characteristics of the 
modulator and are quite high. To eliminate these errors, the set of 
ground apparatus includes high-frequency detector KD of control (see 
Fig. 251), indicator 0 and phase-inverter of radio-transmitter F-1. 
The inner phase shifts of the system are eliminated in calibration 
when the same signal is delivered at both its inputs. 


The phase shift of control detector KD could be calculated from formula 


Ape arctg 2 7U PRC, ; (XIII. 66) 


where F - operation frequency of modulation; Ry - load resistance of 


detector; C_ - blocking the condenser of the detector. 


b 


Phase characteristic of the detector is a straight line, the slope 


of which with low R, and an could be taken as quite insignificant. 


1 
Given below are the values of A Py at R, = 50 kohm, C, = 100 pf 

and various modulation frequency F: 

F, cps . = « e 81 244 488 976 1952 

ND gr tad ee 0°09! 0°26! 0°53! 1°46! 3°30! 


In accordance with this data, the phase shifts upto frequency 976 cps 
are negligible and could be disregarded; only on frequency 1952 cps the 


phase error of the detector should be taken into account or, if possible, 
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compensated. The phase shifts of radio-transmitter AD vec could be 
compensated by phase-inverter F-1 with error A fai therefore, in 
further analysis, error A ooo: included in formula (XIII. 65), need 
not be estimated. 


The phase error of the main signal radio-receiver is composed of 


the errors of its individual stages: 


Ap= AN Ppp ath Pty +A Pa +tAPO§O (rr, 67) 
where AD oo A CP pp A p, and AP pe, - the phase error 


respectively of the intermediate frequency amplifier and transformer, 
detector and low freyuency amplifier. 

By an appropriate selection of detector elements Ry and Ci the 
total phase error could be reduced to one constent value (for instance, 
to 90°) at all the operating frequencies F. Therefore, the phase errors, 
both on the transmitting side of the main signal radio-channel and on the 
receiving, could be reduced either to very low or to any known and time- 
constant value. 

Returning to equetion (XIII. 65), it can be noticed that only the 
phase error AP. is found to be undetermined, It is well known (2, 72, 
110, 247), with propagationthrough ether of the main signal as high- 
frequency modulated oscillations the latter are subjected to phase 
distortions, firstly, due to the final time of radio-wave propagation from 
the transmitter to the receiver and, secondly, due to the effect of the 
ground, above which the radio-wave is propagating. Since the main signal 
is received at small distances (30-50 kn), i.e., the earth wave is being 


used, the effect of ionosphere is not estimated. 


Glass of method 
type of system 


First (one aircraft). 


Second 
(two 


Combined 


aircrafts 


Spread-out in space frames, 


Description of version 


Helicopter version with 
source and receiver in z 
one vertical plane (620°) 


"Canadian" (plane) version 
with outboard gond.(6n45°) 


Plane with outboard 
gondola (027659) 


Plane or helicopter with 
source and receiver at 
same altitude(@~90°) 


One plane VMP 


One generating, two 
receiving frames 


Coplanar or reciprocally 
perpendicular frames 


Circular VMP 


Induction with linearly 
polarized. field 


YAS ARS ARS 


WAS 


YRS ARS yams YRE 
WE We aoe SOF Wr 


= 


F 
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Table 24 


Averared error, % 


apparatus 


2 2 
taeda 
fu 


> 


345-4 


external 
factors 


\0,3-0,5 ff Z 12 


43 


Method recommended 
for electric 
compensation 


ist scheme of simple 
methods, 3rd of 
complex methods 


ist scheme of simple 
methods 


1,2,3-a schemes of 
complex methods. 


mst scheme of simple 
methods. 3-d of 


| complex. 


1 Ist simple, 3-d 
| composite methods 


Perceptible field compon- 
ent. Optimum measurable 
parameters of unbal.sign. 


Vertical. Modulus, phase 
or reactive component. 


Horizontal. Modulus, 
reactive component 


Vertical. Phase and 
reactive component. Differ~ 
ence of components. With 
3-d - modulus and phasee 


Vertical. Reactive compon- 
ent. or modulus and phase. 
3-d scheme modulus and 
phases 


Mod. phase and components 


Vertical. Modulus or | 
phase 

oe 
Horizontal. Reacts compe \; 
or modulus and phase 


Mod., phase and compone 
Mod. ratio of signals. 


Mod. ratio of signals. 
Phase shift between them 
Modulus difference. 


N.B: 1. Legend: M-modulus, K-component, F-phasee 2. In all the versions error in phase measuring is reduced to phasemeter scale 
45°, 3. For the 2nd class version it would be expedient to apply vertical osciellating frame. 
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Thus 


APe = opt OPa 


(XIII. 68) 


where op, - the phase shift due to the propagation time of radio- 
Wave: og, , 7 the phase shift due to the ground effect. 
The phase shift of modulating voltage OP, depends on the 


ratio of carrying and modulating frequencies; 


f 


Sp,-Op,_F . i (XIII. 69) 


Here F = modulation frequency, f - carrying frequency, bY, - 


phase shift of high-frequency oscillations. 
+ d 
Op, = 290 eb (XIII. 70) 


uhere d - distance between transmitter and receiver; c - propagation 
velocity of light. 


From equations (XIII. 69) and (AIII. 70) we get 


Bp, = 20 —t—, (XIII. 72) 


i.e. the phase shift due to the propagation time depends only on 
distance d and the modulating frequency and does not depend on the 
carrying frequency. 

Table 25 shows that the phase shift © P, increases with 
increasing distance ad and operating frequency F. In production 
determination of A and f. at the ends of survey, traversed distance d 
may be upto 20-30 km; therefore in the interpretation of Pp. diagrans 


it is necessary to bring in corresponding corrections for 0 f,, : 
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Table 25. 


F,cps 


The additional phase shift due to the effect of the ground, above 
which the radio-wave is propagesting, depends on its parameters - 
dielectric constant € and conductivity &, and also on distance d 
and frequencies F and f. The emergence of this error the same as in 
the case of DP ‘? is explained by the phase shift of high-frequency 


oscillations: 
FE 
oY -O—P Fs (XIII. 72) 


where OPat - the phase shift of high-frequency oscillations due 
to the ground effect. 
The expansion of function f (a, F, f,& , 6) involves a 


great number of mathematical operations . It may be mentioned that 
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in unsuitable conditions (with the radio-wave propagation above the 

dry ground &! =4end O = 1077) at d = 10 km, F = 10 keps, 

f = 2 cps we have OP, = 45°30'. With operations on the highest of 
the recommended frequencies for the BDK method (1952 cps the OP, will 
accordingly be five times lower. 

The additional phase shift 6 Po caused by paremeters of the 
medium, above which radio-wave of the main signal is propagating, is quite 
insignificant in respect of shift Bcpy. It decreases above a wet 
ground, is very low above fresh water and practically non-present above 
sea water. \iith a reduction in the carrging frequency, the magnitude of 
6) cp é increases. However, the total value of A 9) a as pointed out, 
is insignificant and it may be assumed A op we o KRPy 

Thus, analysing the phase errors AQ, of the mein signal radio- 
channel/see formula (XIII, 65), it is possible to come to the conclusion 
that all apparatus errors could be either compensated, or they have a 
constant value and are accounted for in the interpretation of Pp, 
diegrams. With operation on low audio frequencies (81 and 244 cps) and 
short distances from the radio-transmitter of the main signal to the 
receiving and measuring apparatus the variable error A Der is low and 
could be disregarded. With operations on high frequencies (976 and 1952) 
and long distances, an appropriate correction should be made in the 
interpretztion of Pp, recording. It would be expedient to plot for this 


purpose either tables or curves of; f of = f(d, F). 
f 


10. Calibration of receiving-measuring channel 


The receiving-measuring Channel is usually calibrated for the 


checking and setting of the required working amplification factor of the 


ee 


amplitude (modulus) measuring channel, the checking of working sensitivity 
of the magnetic field receivers and of good working order of individual 
blocks of apparatus. Calibration contributes to increase the accuracy of 
the measuring apparatus in productive conditions. This question has been 
thoroughly dealt with in (59, 90, 126). 

In AHRI-2, calibration is composed of three stages and includes, 
consecutively, the measuring amplifier, the transmission channel of the 
signal from the input of the gondola amplifier to the output of the 
Measuring amplifier and the entire receiving-measuring channel (including 
the magnetic field receivers) « 

Calibration is implemented in the following order. As a preliminary, 
in the laboratory or at the base airport the working pickup of the 
magnetic field receivers is checked. The checking should be conducted in 
accordance with the diagram shown in Fig. 84 or Fig. 245. The sensitivity 
of field receiver S.. should be estimated from formula (VII. 26d and c). 

If there is an assurence that the sensitivity of the field receiver 
corresponds to the preset working value, the receiving-measuring apparatus 
could even be checked in productive conditions, i.e., during the flight. 

The first to be calibrated is the selective measuring amplifier, 
after which the calibration signal, delivered to the receiving channel, 
acquires its nominal intensity. 

Block diagram of the selective measuring amplifier in AuRI-2 
with calibration elements is shown in Fig. 246. The calibration circuit 
includes resistance amplifier, which is fed comparative voltage used as 
calibration signal, and vacuum-tube voltmeter, previously graduated from 


a standard device, The error of the vacuum—tube voltmeter does not exceed 
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1-2%. Comparative voltage from the quartz master oscillator varies at 


various frequencies from about 2.9 to 3.9 v; therefore, to obtain 


nominal 


intensity,the calibration signal requires its adjustment, which is 


implemented in the resistance amplifier and is controlled by the vacuum— 


tube voltmeter. This emplifier raises the level of the calibration signal 


upto 15 v = optimum level of working voltage for the circuit of the tube 


voltmeter. By setting the calibration signal according to this voltmeter, 


the required calibration voltage, fed to the input of the selective 


circuit, is obtsined automaticaly. In the resistance amplifier, the 


adjustment elements fix the required amplification factor of the selective 


measuring amplifier. 


a 7 Key to Figure 245,/ 
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The receiving channel is calibrated separately on channels of 
low end high frequencies by feeding to the input of the receiving channel 
certain intensity of the calibrating signal with subsequent measuring of 
the output voltage from the gondola amplifier which, during calibration, 
should be the same on all the operating frequencies. Deviation of the 
output voltage from nominal may indicate, for instance, some defects in 
the receiving coils, in the input system or detuning of the magnetic field 
receiver. Dapending on the magnitude of deviation, either the checking or 
adjustment of the channel is required. The method of this calibration for 
one channel is explained by the diagram shown in Pig. 247. 


The comparative voltage U 


com,, used for calibration, arrives at the 


1 


block of the selective measuring amplifier where, after the amplification, 
the calibration signal is measured by the vacuunm—tube voltmeter of modulus 


meter (tumbler Bk, is in position 2). By means of potentiometer Reo? the 


2 
comparative voltage is set at an intensity at which there is a complete 


deviation of the voltmeter's indiceting needle. This voltage is the 
initial one for calibrating the whole of the receiving-measuring chennel. 


The active divider R of sufficient accuracy serves for 


100~ Roe 


delivery at verious points of the circuit of the calibration signal of 
different intensity. The first to be calibrated is the amplificetion in 
the selecting circuit and RC-amplifier (with tumbler Bk, in position 2, 


tumbler Bk, in position 1). A certain portion of the calibration voltage 


‘ 


from divider R... - Ryoo is delivered to the input of the selective 


100 


measuring amplifier. By means of potentiometer Res the amplification 


factor is set in RC-amplifier of a value at which there is complete 
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deviation of voltmeter's needle. 


Key to Figure 247>> | 
a, Selective measuring 
amplifier, cee 
to FCHV Channel I; 
b, Selection circuit; | 
| 


c, RC-amplifier; 

‘d, VIVM; 

e, Calibrated signal 
amplifier; 

£, Stabilized rectifier 
of gondola amplifier; 

g, Gfannel I compensator; 

h, Channel II compen- 
sator; ; 

i, Connecting cable; 

j, Gondola amplifier; 

k, Receiving antennas, 


h 
K xomnencamopy ; 
i Nwqnana* ! 
t Tpoc- KaGend 


Fig.247 


For calibrating the measuring channel of the components, the phase- 
detecting voltmeter of the same channel is switched over to measuring the 
active component and the same measuring limit is set as for the modulus 
meter. By the adjustment of the FD-voltmeter through the amplification 
factor, total deviation of the needle is obtained in the direct counter 
of the component. (Frior to calibration with quadrant phase-inverter, 
zero adjustment of phasemeter should be made in the circuit of the main 
signal). 

For calibration of the receiving channel, a portion of the calibrating 
voltage from divider R}y) - Rios (Uj. = 0.5v) is delivered into the 
stabilized rectifier block of the gondola amplifier remote energizing and 
hence into gondole amplifier. The tumblers Bk, and Bk, are in position l. 


If the measured (i.e. calibrating) voltage deviates from the preset 
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intensity of 5 mv, its nominal intensity should be set by adjustment of 


the amplification factor in the whole measuring channel (in this case 


e470 
Kote 1.5°10°) 


stabilized rectifier block of the gondola amplifier is explained by the 


- The passing of the calibration signal through the 


diagram shown in Fig. 248. 
From the measuring group of channel 1, the calibretion signal is 

delivered on tumbler Bk, directly, and of chennel II = on tumbler Bk, through 

voltage divider Rie- Rig¢ 


- 


The need to reduce the intensity of channel II calibration signal 
ten times in comparison to channel I is due to the fact that the 
sensitivity of the field receivers on high frequencies is considerably 
higher than on low frequencies; therefore, the voltage of these 
frequencies at the output of the gondola amplifier also differ 
considerably. The division of the calibrating signal of channel II 
immediately at the input of the gondola amplifier is rather difficult 
owing to the build-up of pszrasitic inductions on this divider. 


During calibration the switching on is either of Bk, or By; and 
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relay Pi, while operating, delivers the calibration signal by 
separating capacitance oP to unit controlling anode current of the 
stabilized rectifier with transmission factor of one. On direct 
current voltage 120v is superimposed the alternate voltage of the 
calibration signal for further tranmission to the gondola amplifier. 


Resistance R 8? cut-in to the unit of the cnode current control, 


1 


assures steady work of the stabilizer with the cut-out calibration, 
and resistance Ria connected in series with the seperating condenser 


Ce assures steady work of the stabilizer during calibration. 


A detailed diagram of the whole receiving channel calibration 


is shown in Fig. 249. Simultaneously with reley R, in the stabilized 


rectifier block, operates relay Ri of the gondola amplifier (+ 27v is 
delivered to this relay by the third wire of the cable), which connects 
the branching node of dividers of the calibration signal to the 
calibration channel (see Fig. 117)... 


From divider R,, - Rug (resistance R,_ could be disregarded due to 


14 13 
its low value) the calibration signal is delivered through the contacts 


of relay PS and Py to the input of the gondola amplifier channel IT 
(position 9 of finder SHI; sec para 2 Chapter X). If the brushes of 


finder SHI, are in position 10, the calibration signal from divider 


Ri5 Rags Ri4 gets delivered, through the contrcts of relay P, and Pos 
to the input of channel I. The magnetic field receivers are cut out in 
both the cases. 

To compensate for the partial voltage loss of the high frequency 


calibration signal on divider R Rig in the stabilized rectifier 


15? 


plock, divider R of the gondole amplifier divide this signal 


14’ Bygr Ry 
in the ratio 100: 1. Thus the delivery of calibration signals of the 


= G4O = 
Same label is assured to both the inputs of the gondola amplifier. 
The latter's output voltages are then checked in the appropriate channels 
of the measuring group. 
In positions 1-6 of the finder's brushes, the gondola amplifier is 


Calibrated jointly with the field receivers. 


T Cmabunuaupodorton 
Bonpamume sn 


' 
8 


trol unit; 


h, HF channel; i, LF channel. Ne ee 
_ * Fig.:24904..°> 
In calibration on channel I, the calibration signal gets delivered, 


through the contacts of relay Pai to the branching node of resistances 


R,, R'. and Ry 4i relay Po and Po are both in working condition. In this 


nei | 


case relay P,. operates also for tuning the magnetic antenna of low 


¢ 


frequency to the operating frequency and, through divider R Rw the 


1’ 
calibration signal of the opereting frequency is consequtively input into the 
antenna circuits, The calibration of channel II is carried out in the 


same way (relay Py and Pi are in operating condition and divider R! , Rte 
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is cut in). 

The value of resistance R (Ri) for various operating frequencies 
is determinable from the condition of obtaining the required sensitivity 
of the field receiver with subsequent connection of this resistance into 


its circuit. The value of divider resistance R. Ry (R!, Rt) (or division 


ratio) is 30 determined so that the calibrating signal input through this 
divider into the receiving circuit would activate in it similar fer all 
working freyuencies e.m.f., of 5 mv, and the output voltage of the gondola 
amplifier should be 0.5v on all the operating frequencies. 


At the end of the calibration, relay P,, is de-energized and the common 


11 
brenching point of the calibration divider becomes closed on minus through 
the contacts of this relay, thereby protecting the input circuit from 
parasitic inductions from the anode chain. 

The given scheme of calibration makes it possible to obtain constant 
equivalent sensitivity in respect of the field, regzerdless of the fact that, 
during the survey, some elements of the receiving-meesuring channel may 
partially change their parameters and, moreover, it permits reduction to a 
considerable extent of the error of measuring of the apparatus. The 
shortcoming of this scheme is that the apparatus is calibrated not directly 
from the know magnitude of the magnetic field, as in the use of Helmholtz 
coils (111), for this purpose but from a known intensity of voltage, input 
into the oscillating circuit. In the scheme of Fig. 250, an artificial 
voltegeAU is generated at the input of the gondola amplifier proportional 
to the required magnetic field H and corresponds to the selected 
calibration range, 


v.. voltage, controlled by voltmeter, is fed to control the tube grid 
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in the stabilizer of the constant current voltage, which energizes the 
filament and the anode-screen circuits of the gondola amplifier. At 
the stabilizer output, simultaneously with the constant component, 


appears the alternate component of calibration voltage (59, 90): 


ae _ e 
|| x «|%,| : 
where K = transmission factor of the stabilizer. 
Calibration signal uM through circuit C RR, will enter the 


receiving circuit L, os as U voltage, causing 4pe¢arance in the circuit 


of voltage 
EL = Ava, , (XIII. 73) 


where Q = factor of circuit LCR, . 
c pil 
Under the effect of the vector component, the magnetic field for 


instance Ho there is activation in the circuit of e.n.f,. 


E,wsQn , (XIII. 74) 
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where S, ~ initial sensitivity of the receiving coil on the operating 
frequency. 

The transmission circuit of Ue signal could be made relatively 
stable and, thus, with an appropriate selection of divider CRAY» to 
calibrate the system on various operating frequencies according to the 
known magnitude of field HL on one of the measuring ranges of the 
apparatus. Thus, in AEHRI~2 and ASRA-2, calibration by this method is 
Carried out on limit 10 nv. 

The calibration of the measuring channel, in accordance with 
described method, could be implemented during flight and when the 
nunber of wires in the cable is limited to three. 

The specificity of the combined zone method (BDK) (see para 5, 
Chapter III) does not permit the calibration of the measuring unit to 
be implemented as simply as in methods of the near zone. In the latter 
case, in the immediate vicinity to the receiving-measuring apparatus of 
the primary field exciter checking of the amplificetion channel from 
the magnetic field receiver to the recorder is not particularly difficult. 
in the BDK apparatus, the emitter and receiver of the field are spread 
out at considerable distance and the main signal, which reflects the 
current phase in the cable, is transmitted by radio-channel, The 
removal of aircraft from the sender of the main signal also introduces 
uncertainty in the initial phase peataae: as the phase shift depends on 
this distance. Therefore, the correct choice. of calibretion for the 
receiving-measuring apparatus in the BDK method is of the utmost importance, 


specially the choice of calibration by phase. 


One of the systens, permitting the currying out of calibration by 
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Hy with accuracy upto + 1% and by ep E,. upto 1 directly during the 
flight, is shown in Fig. 251. The calibration is implemented by 
Means of the induced field, generated by KG winding specielly ua: 
on the gondola, implementing function of Helmholtz coils. The 
current in KG winding is set by the comparative voltage of preset 


frequency UB by means of voltage divider Ris R,- From low-frequency 


2 
master oscillator KZGF through phase-inverter F-1, the modulating 
voltage is delivered to radio-transmitter R and, in the form of 
high-frequency oscillations, modulated in amplitude, emits into the 

air. The phase of the main signal is controlled by control detector KD 
and control circuit 0, which could be implemented as a zero indicater 

or oscillograph. Two voltages are fed to 0 circuit - U, and U, , (from 
the control detector). It is assumed that the detector does not bring 

in phase errors in the demodulation of the main signal, or that if they 
do take plece, they are previously got compensated in this block. The 
same requirements are extended to circuit 0 also. In the presence of the 
phase shift between the Uy and ae voltages, it is elimineted by phase- 
inverter F-1. The position of switches P, and P. corresponds to the 

work of the apparatus for calibration, when into the grounded cable A -B 
no current is supplied from the power amplifier YH. 

Phase characteristic of receiver A is corrected with an account 
of natural shifts in the elements of the receiver and additional phase 
shift due to the propagation time of radio-wave between the radio-= 
transmitter and the main signal receiver.. Therefore UB voltage, at the 


moment of calibration may be taken as corresponding in phase to U 
° 


yoltage on the transmitting side. as a result,the current in KG eoil 
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+ 
reflects almost completely the state of KU, voltage at a given tine, 
i.e., its phase, which is exactly what is required for the calibration. 

In calibration by emplitude and phase, according to the scheme in 
question, it is necessary, for eliminating additional phase error due 
to the propagation time of radio-wave between the sender and receiver, 
that at the moment of calibration, the helicopter with measuring 
apparatus should be at a certain distence from the transmitter of the 
Main signal. The radius of this circumference could be 5-10 km with 
deviation, during the flight, = 1-2 km. 

Calibration procesdure by phase is as follows: on the operating 
frequency, the KG coil generates the current, the intensity of which is 
controlled by voltmetcr V, connected to divider Ra Ry with a preset 
division ratio. Thus in the receiving coil 1) K a certain e.m.f. is being 
induced from the magnetic field HL. By phase-inverter, F, connected into 
the circuit of the main signal Use phase recorder JT- «Pis adjusted at 
zero. The mersured signal gets delivered to recorder FT - ¢p from receiving 


coilf]? K through amplifier Y and modulus recorder [t -M. 


Key to Figure 251:7 


a, Radfo' channel, 


Fig. 251. 


7 
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Calibration by amplitude is carried out simultaneously with 
calibration by phase. With this aim, the current emplitude in coil KG 
is controlled more carefully (oy block V). Indication of recorder J] -lh 
to check the mark of the scale by varying the emplification factor of 
amplifier in the amplitude measuring channel. e 

The cable field, which has the current phase coinciding with the 
main signal phase, is generated by switching over of switches Ty and 

iT into position 2. The opereting current is input into A-B cable 

from amplifier YN. Phase-inverter I-2, by the control device of scheme 0, 
adjusts zero phase shift between voltages Ue and AU. The AU voltage is 
delivered to scheme O from the voltage take-off system CO, reflecting the 
sane phase as current I in A-B cable. 

The described calibration technique by phase and amplitude, eliminates 
the uncertainty of initial values p.. and H and permits the study of their 
variations within the survey area without additional apparatus distortions. 
Horeover, with this calibration there is no primary field of the cable 


which, in other cases, is an interfering signal (90, 118). 


ll. Reducing effect of interference impulses. 


The measured signal in aerial electric prospecting may be 
superposed by considerable interference impulses, generated mostly by 
operating radio-stations and atmospheric discharges. In many cases, the 
level of the interference impulses is quite considerable, exceeding the 
level of the measured signal several times, which hampers the normal 


work of the apparatus and increases the veriation error. 
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Key to Figure 252; 
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To reduce the effect of interference impulses, penetrating through 
the field receiver into the measuring apparatus, application is sometimes 
made of special systems for their limiting. These systems could be based 
on a higher system of protection against interference in radio-receivers 
consisting of a limiter and two linear transformers of spectrum 
(Fig. 252) (60). The operation of the system is based on transformation 
of the spectrum and taking into account the fact that the intensity of 
interference impulses of the spectral components within the operating 
frequency band of apparetus (300-5000 eps) is actually independent of 
frequency, whereas the intensity of working signals of the spectral 
components quickly decreases with its rise. 

Fig. 253 shows the transformation structure of the working signal 
and interference impulse in the limiter of these interferences. Input 
oscillations, containing the working signal and interference impulses 
(Fig. 253, a), are fed into the input of the first linear spectrum 
transformer, the transmission factor of which increases with frequency. 
In the simplest:way, this transformer could be assembled as a differentiating 
RC-chain. Due to this transmission factor of the first linear transformer, 


the useful signal at its output will be dampened to a greater extnet than 
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the interference impulses. As a result, the level of the useful 
Signal at the output of the transformer will drop noticeably, whereas 
the level of interference impulses will change very little (Pig. 2553, b). 
From the output of the first transformer the useful signal mixed 
with interference impulses gets delivered to the limiter, the limit 
threshold of which is higher than the maximum level of the useful signal, 
and hence - to the second linear spectrum transformer, with the 
transmission factor decreasing with the rise of frequency. The second 
transformer performs inverse to the first one transformation of the 
spectrum of oscillations and, as a result, the relative level of the 
useful signal increases to its normal value (Fig. 253, c). The simplest 
way to assemble the second linear transformer in the form of integrating 


RC-chain,. 


Fig. 253 


Block diagram of limiter (oHTI ) of interference impulses worked 
out in application to the apparatus of aerial electric prospecting and 
which takes into account the specific nature of its work (fixed operating 


frequencies, high dynamic range of input signal), is shown in Fig. 254 
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The system's limiter is assembled with a follow-up limitation 
threshold. The principal diagram of OMT , applied in the compensator 
of AERIS apparatus, is shown in Fig. 182. 

The signal of operating frequency picked-up by the field receiver 
arrives at the O {AIT input, where there is a ten-stage attenuator 1 
with stage divisions 10 db each. Attenuator A is so estimated so that 
voltage taken off from it is about 500 mv with the yattaridn of input 
signel from'500 mev to 5 v. Since the level of 500 mcv is insufficient 
to assure normal work of the limiting circuit, a two-stage amplifier 2 
is connected directly after the attenuator with the amplification factor 


10°.L,, Lb. in diagram in Fig. 182), encompassed by reverse feedback of 


4° "5 


20 ab (R Cy). Thus, the signe] with intensity 500 mev is 


63 ~ Regs 
amplified 10° i.e. upto a level of 0.5 v. Interference impulses, on 

passing through the attenuator and amplifier, undergo the seme level changes, 
as the useful signal (see Fig. 253). From the output of amplifier 2, 

voltage containing the useful signal and interference impulse, arrives 

at the differentiating RC-chain 3 - the first linear transformer of the 
spectrum. This chain for each operating frequency is composed of resistances 
Ros - Roa and condensers C55 - C58 and is held together by means of two 
Plates of the five-position switch Ty (see Fig. 182). Elements of the 

chain are so matched so that the useful signal of any of the five 

operating frequencies is attenuated 15 times, whereas the level of 
interference impulses remains practically unchanged. Thus the noise/signal 
ratio at the output of the chain increases approximately 15 times. Ip 


order to obtain, the transmission factor of the first linear transformer 


of the useful signal close to-one, a one-stage amplifier 4(Le, a) with 
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anplification factor 12, is set up at its output. From the output of 
amplifier 4, voltage arrives at. the limiter with the follow up 
threshold (Le, D3 Lo; Lg)», assembled on a circuit of parallel diode 


limiting. 


1 2 3 4 


g tT : To readout ; 
stenal circuit es 


Fig. 254 - 


The integrating chain 6 - the second linear spectrum transformer, 
connected after the limiter, is assembled as resistance Rgs and a set 
of capacitances Cae - Coos cut in by switch IT, in accordance with the 
operating frequencies. The integrating chain attenuates the level of 
noises, remeining after the limiting, in relation 66 the level of the 
useful signal (see Fig. 253, c). For a more effective suppression of 
noises, the elements of the chain are so estimated :: that its time 
constants correspond to the period of the operating frequencies. 

From the output of the integrating chain, the signal arrives at 
amplifier 7 (Lo) with amplification factor 10, hence at cathode follower 
8(Lig)s at the output of which is cut in attenuator 9, reverse in relatiom 
to attenuctor 1. The last three elements of the circuit are meant for 
reducing the level of the useful signal at the output of O11 to the 
same level as at the input. Horeover, amplifier 7 compensates the 180- 


degree shift, brought in by amplifier 4 to the useful signal. Thus, the 
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common transmission factor of O HIT is obtained almost one, 
which assures the trensmission of the useful Signal practically 


without damping with the highly attenuated level of interference 


impulses. 


CHAPTER XIV = EXAMPLES OF CONSTRUCTION OF 
APPARATUS FOR AERIAL ELECTRIC PROSPECTING 


Ve AERI-2 apparatus of induction aeromethod 


AERI-2 apparatus was devised and produced in two sets on 
the order of the Ministry of Geology, USSR, on the basis of 
results obtained with the first test apparatus of the induction 
aeromethod AERIS. The AERIS (Fig. 255) was meant for the 
confirmation of theoretical postulates and for proving the 
effectiveness of this method; therefore, it was not quite a 
complete apparatus, suitable for productive operations, 
However, method testing and some productive operations have 
proved its sufficiently high meterological qualities and confirmed 


the value and effectiveness of the aerial induction method. 


Fige 255 


The scheme of the AERIS apparatus (Fig. 256) permits the 
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measuring and recording, Simultaneously on two frequencies 

of the following parameters of the resultant field: modulus, 
phase and active or rcactive component of the signal, induced 
in the field receivers, and the difference of components on 
two operating frequencies. The main signal could be combined 
with current phase in the oscillating frame. The double- 
frequency operations were implemented on the following 
combinations of operating frequencies: 488-976; 488-1953; 
488-3906; 488-7812; 976-1953; 976-3906 cps. 

The low-frequency section of the oscillating frame was 
tuned into resonance, and the output power of the amplifier was 
400 watts. The amplifier of the high-frequency signal provided 
power on an active load of about 250 watts. The sensitivity of 
the receiving frame on low operating frequency was approximately 
12.4 wan 3; on high - it increased considerably, comprising on 
frequency 7812 cps 73 ar e The lower measuring limit of the 
Signal amplitude (modulus) was 5 mev. 

As a result of a number of method testing and productive 
operations the following main defects were defined in the AERIS 
apparatus: 

1.6 Non-presence of frequency division filters in the supply 

circuit of the oscillating frame does not make it possible to 

perform reliable double-frequency survey due to overstrain in 

the output circuits of the generating system. 

2e Circuit coherence of measuring and recording the channels 


of the modulus and components does not permit their simultaneous 
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measuring and recording. 

3. Comparatively high altitude of light (180-200m), specified 
by the safety technique of piloting and insufficient power of 
the generating system for this altitude limit the extent of the 
Survey. 

4, The application of recorders CK-100 and CG-17, inadaptable 
for operating in flying conditions, makes servicing of the 
apparatus difficult and lowers the quality of recording. 

Thus, one of the main t chnical requirement of the newly 
developed apparatus was to make possible simultaneous operations 
of two frequencies with higher magnetic moments of the oscillating 
frame. The first part of this requirement in AERI-2 was met by the 
application of dividing filters, cut in between outputs of a two- 
channel generating system and sections of the oscillating frame. 
Increment of magnetic moments of the oscillating frame in two- 
frequency operations, with preset area and number of turns, was 
attained by increasing the power of the whole generating system 
‘and currents in sections of the frame, and also by tuning these 
sections to the corresponding frequencies in operations on two 
frequencies simultaneously. 

Developed block diagram. The simplfied block diagram for 
single-frequency operations is shown in Fig.. 257. For a possible 
operation on the second frequency, a similar channel has been 
provided. The activation of one- or two-frequency magnetic field 
is effected by the generating system (generating group and 


oscillating frame) which, moreover, should supply to phase- 
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sensing blocks of the measuring group comparative voltage, 


and to the compensator - the compensating voltage. Provision 


has been made for matching these voltage phases with the 


current phase of each operating frequency in the oscillating 


frame, 
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The generating group is composed of the master oscillator 1, 


the supply block 3, the dividing filter 4, 


the tuning block 5, the oscillating frame 6 and the standard 


aviational transformer 24 for the supply of current to the 


apparatus from the aircraft network. 
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Key to Figure 257: ~. - | 
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Fig. 257 


The master oscillator with quartz crystal control of 
frequency, generates oscillations of high frequency of 3898 cps 
with its subsequent division for obtaining the preset low 
frequencies (1949; 974; 487 and 243 cps). The output signal of 
the corresponding frequency is amplified by the power amplifier 
and delivered to the oscillating frame through the dividing 
filter and tuning block. The dividing filters assure a stable 
two-frequency operation of the genetating group; by means of 
the tuning block, the corresponding section of the oscillating 
frame is tuned into resonance, 

The measuring block is meant for measuring and recording, on 


two frequencies of modulus, phase, the active and reactive 
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components of signals, induced in the receiving elements by the 
anomalous magnetic field, and also of difference or sum total of 
the active or reactive components of signals from two operating 
frequencies. 

The main blocks of one channel of the measuring group and of 
auxiliary devices are the following: common for both frequencies 
the receiving frames (magnetic antennas) 7 and preamplifier 8, 
placed in the trailing gondola, the electric compensation block 9, 
the selective amplifier 10 with gauge 11 and the modulus recorder 
12, the phase-detecting voltmeter 13 with recorder 14, the phase- 
meter 15 with recorder 16, the system 17 for the matching radio- 
altimeter PB-2 with flight altitude recorder 18, common for both 
the channels the gauge of difference (sum total) of components 19 
with recorder 20, the current supply block 23 and the standard 
airborne transformer 25 for current supply to the apparatus from 
the aircraft network; the time marks generator 21 and the system 
for matching this generator with the aerophoto camera 22, 

The gondola is suspended from the aircraft by means of a 
three-core wire cable KTB-5M, which serves for the supply of 
current to the gondola amplifier, remote control and transmission 
of measured signals. 

Picked up by the receiving frames and amplified by the 
preamplifier, the two-frequency signal is divided in the block 
of electric compensation and gets compensated to the extent 


required by the voltage obtained from the master oscillator or 


<a 
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taken off from resistance, connected in series with the 
oscillating frame. The isolation of the useful signal from 
noises is implemented in the selective amplifier, after which 
the signal is delivered to the modulus, phase and components 
gauge. The main signal for phase meter and the components gauge 
is taken off from the master oscillator. 

During the investigations of normal fields (flying at high 
altitudes) the measured signal could be fed from the gondola . 3 
amplifier without compensation directly to the selective amplifier. 

The block diagram of a two-channel generating system of 
AERI-2 is shown in Fig. 258. The two-channel output of the master 
oscillator (KZGF) assures the achievement of operating combinations 
of the two-frequency signal of the required amplitude and power for 
activating the power amplifiers of channels I and II. At the 
channel output of the master oscillator and power amplifiers, it is 
also possible to obtain the signal of any working frequency. The 
master oscillator is fed by voltage 115 v, 400 cps from one of the 
three transformers (MA-2500 or PO-3000), applied in the apparatus, 
connection to which is effected by means of the current supply 
commutator, fitted in the same block. The master oscillator effects 
the delivery of signal 2.9-3.9 v to phase-sSensing blocks of the 
measuring group. The same voltage is used for the calibration of 
the receiving-measuring channel. 

The power amplifier of channel I is meant for working on low 


operating frequencies (243, 487 and 974 cps), and of channel II - 


Key to Figure 258: 
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high (974; 1949; 3898 cps). The amplifiers are fed from 
on 


i ly from 
competent rectifiers, which get their current supply 


transformers MA-2500 or PO-3000. 
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The outputs of power amplifiers are cut in through the 
matching block to the corresponding sections of the oscillating 
frame; the output of channel I to low-frequency section, composed 
of 11 loops, the output of channel II - to high-frequency section, 
consisting of 9 loops. The matching block assumes by means of 
dividing filters, reliable, stable, simultaneous two-frequency 
operation of the generating system on the magneto~couples 
sections of the oscillating frame and their tuning jointly with 
dividing filters to the operating frequency of the appropriate 
channel with the following combination of frequencies: 243-974; 
243-1949; 243-3898; 487-1949; 487;3898 and 974-3898 cps. The 
combination of two adjacent frequencies is not effective and is 
not used in the apparatus. With single-frequency operation of the 
apparatus, any working section is also tuned to the required 
frequency. 

To the middle wire of the oscillating frame is cut in active 
resistance R, from which compensating voltage is taken off for 
the measuring group, which shows the current phase of two operation 
frequencies in sections, The same voltage is used for the devices 
of measuring the currents Tor and Tot in the channels of the 
generating system, cut in at the inputs of the selective amplifiers 
of the corresponding channels of the matching blocks. The output 
voltages of the selective supiatiexs could be used as compensation 
for the corresponding channels of the measuring group; however, in 


this case, the stability of the compensation will be low, since the 
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parameter variation of amplifiers will affect adversely the 
stability of compensating voltages. The voltage intensity on 
sections of the oscillating frame is controlled by voltmeter 
V (through change-over switch P). 

The necessary condition for efficient working of the 
induction method apparatus is that the receiving channel should be 
highly noise-proof. This is achieved by concentrating selectivity 
in individual units and blocks of the entire receiving-measuring 
system in a way that would produce the required selectivity. 

The block diagram of the receiving-measuring system in AERI-2, 
which operates simultaneously on two frequencies, is shown in 
Fig. 259, which also shows the auxiliary units and elements. The 
receiving system has two coils (magnetic antennas) for receiving 
and converting into e.m.f. the vertical component of tension 
vector of the magnetic field on an appropriate operating 
frequency or combination of working frequencies. To assure high 
preliminary selection, the receiving coils are tuned to operating 
frequencies 243; 487 and 974 cps (LF channel) and to 974; 1949 
and 3898 cps (HF channel). The received working signals are mixed 
in a single-channel aperiodic amplifier (amplification factor 100), 
which brings up their level to a volume, exceeding the noise level 
in the cable and at the input of the measuring system. 

Field receivers and preamplifier are placed in the trailing 
gondola; therefore; the change-over of operating frequencies, the 


current supply of the gondola amplifier and its calibration are 
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carried out remotely along a three-core cable. Field receivers 
have high field sensitivity; therefore, they assure the reception 
of quite weak signals. 

From the maximum possible reduction of internal and vibration 
noises, most effective measures were adopted for shock-proofing 
the receiving coils, the gondola amplifier tubes, and of the whole 
reception system. Low-noise details were used in the amplifier and 
the system was carefully shielded for the elimination of external 
inductions. From the low-ohmic output of the gondola amplifier 
Signals of operating frequencies are transmitted along the cable 
into the measuring unit. By means of the frequency change-over 
Switch, set up in the stabilized rectifier block of the gondola 
amplifier, it is possible to carry out remote current supply to 
the amplifier and control of the receiving system and the gondola 
amplifier. 

The received and amplified signals from the cable arrive at 
filters of compensation blocks of channel I and II, where they are 
divided, undergo additional selection and are amplified ten times. 
In measuring without compensation, the working Signal is delivered, 
through the compensator of an appropriate channel, directly to the 
selective amplifier (amplification factor 10), in which the main 
selectivity of the measuring unit is concentrated, After the final 
filtering of noises and the rising of level of the working signal 
by one order in relation to the output signal (this is necessary 


to exclude the effect of parasitic inductions on the working signal 


ee <7 ae 


with its further distribution in the measuring blocks) it is 
delivered to all the subsequent measuring units of the apparatuSe 
This makes it possible to measure independently the modulus and 
components. 

From the output of the selective amplifier, the signal of 
the operating frequency arrives at the resistance amplifier 
(amplification factor 150), at the output of which is an indicator 
for direct reading of the received signal modulus. From the output 
of the same amplifier, the measured parameter is fed to the diagram 
tape for recording. The selective and measuring amplifiers are 
combined into one measuring selective amplifier. At the input of 
the measuring amplifier is the attenuator, by means of which the 
measuring range of the modulus is changed independently of other 
measured parameters. 

After amplification, the operating frequency signal arrives 
in the measuring channel of the phase meter, and the master 
oscillator voltage - at the channel of the main signal. The 
comparative voltage passes preliminarily through quadrant 
(0-360°) and octant (0-90°) phase-invertors. The quadrant phase- 
invertor is required for zero adjustment of circuit for measuring 
the phase and components and for combining the main signal phase 
with the current phase in the oscillating frame. By means of this 
phase invertor, the phase may be evenly adjusted within each 
quadrant (0-90°). The octant phase-inverter (at every 45°) is meant 


for expanding the measuring range of the phase. The measured phase 
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angle is controlled by the indicator; the recorder records 
its values on the diagram tape. From the output of the 
selective amplifier operating frequency the signal is fed 

to the phase-detecting voltmeter (FHV) which measures and 
records the active or reactive component. The signal at the 
phase-detecting voltmeter arrives from the master oscillator 
through the guadrant phase-inverter of the phase meter block. 
At the input of FHV is set up an attenuator for selecting the 
required measuring range of the componente 

The measured and main Signals from the phase-detecting 
voltmeter blocks of channels I and II are also delivered to 
the individual block - differential phase-detecting voltmeter 
(DFHV), which measures the difference or sum total of the reactive 
or active components of signals from two operating frequencies. 

The output currents of the inner phase detectors DFHV of 
each channel are added up or subtracted, depending on what is being 
measured - the sum total or the difference of the components, The 
measured quantity is controlled by the indicator and record by 
the recorder. 

The signal compensation of the primary field could be 
implemented by voltage, arriving from the matching block of the 
generating system, rigidly coupled in the phase with the current 
in the oscillating frame, as well as by the comparative voltage 


from the master oscillator. The selection of one or the other of 
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the indicated voltages and its delivery to the subtracting 
circuit of the compensator is effected by the commutator of 
compensating voltage of the compensation block, 

In the second set of AERI-2, compensation could be performed 
directly by the received signal according to the scheme with 
the follow-up phase (see para 4, Chapter XI). For this, the 
commutator switch of the compensation block has a corresponding 
position (see Fig. 184). However, in Fig. 256 the compensation 
block is assembled for simplification in accordance with the 
usual scheme. In measuring with compensation the residual voltage 
(decompensation voltage) is also delivered to the measuring 
blocks. 

The blocks of the receiving-measuring groups get the current 
supply from rectifiers (stabilized and unstabilized anode voltages, 
bias and filament voltages), which in their turn are energized by 
voltage 115 v, 400 cps from the transformer of the aircraft network 
(plane MA-2500 separate for the measuring group). 

Both the channels of the measuring group are identical in their 
parameters and could work on. any working frequency. Fig. 260 shows 
the developed block diagram of one channel in the receiving-~ 
measuring system with main commutation elements and nodes and blocks 
common for both the channels. The nodes, which in the matter of 
construction, form one whole (functional blocks), are shown in this 
figure by the dotted line. 
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variation of the recording's time constant occurs in parameter 
measuring blocks, which is equivalent to the measuring scale 
travel time of the recorder. Input into the compensation block 
is a dividing cathode follower, by means of which the measured 
and compensated signals are delivered to the oscillegraphic 
control block for visual observation of the compensation process. 

The flight altitude recorder connects, through the matching 
system, to indicator PRV-46 of radio-altimeter RV-2. For a more 
precise recording of the flight altitude in the range 200 + 30 m 
division is provided for of the stand-rd range 0-1200 m into 
two non-standard ranges of recording-0.300 and 0.1200 m 

The auxiliary systems of the apparatus are meant for 
checking the efficiency of the apparatus, the measurements, 
the plotting of time breaks and guides on the diagram tapes of 
recorders etc.Thse systems include also the oscillographic 
control block, which permits checking the shape of the signal 
at the control nodal points of the generating and measuring 
groups, and also observing visually the compensation process 
separately in channels I and II of the measuring group. 

Placed in the altitude indicator block is an electronic 
generator of marks, producing periodic electric impulses every 
60 (= 1) sec for controlling the operation of digital markers 
on the recorder's tapes. By means of the commutator of time breaks 
and guides and the system for matthing with the aerophoto camera, 


it is possible to mark the guides automatically, at the moment 
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of opening the camera's shutter. If aerial photo-survey is 
conducted only along the route guides, the operating is of 
markers with signs 0,41,2,.-.+,9, A and B; but if the survey 

is continuous throughout the route, the operation is of time 
break markers, which serve simultaneously as marks of the used 
recording range; in these cases the electronic generator of 
marks is cut off from the printing mechanism. 

The panel located in the pilot's cabin makes it possible 
for the navigator to carry out remote marking of the guides 
during the flight of the plane above it and the setting of the 
next mark. The panel has an indicator of guide marks, operating 
synchronuously with all the printing mechanisms of recorders. 
Electric cut in of the navigator's panel to these mechanisms is 
effected by the commutator of time breaks and guides. 

The recorders are assembled on a base of standard recording 
bridges (MC), in which reversive and synchronous electric motors 
are used, operating from the industrial network of alternate 
currents (127v, 50 cps). However, on board the aircraft there is 
no such network and, more over, the travel time of writers on the 
recorder scale should be low (1.2-1.3 sec}; therefore, to meet 
these conditions,while maintaining the invariable value of 
torque, it is expedient to supply to these electromotors voltage 
of higher frequency. Estimates and tests have shown that the most 
suitable is frequency 100 cps with voltage 220 v. Since the AERI-2 


apparatus does not have transformers with these parameters, an 
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electronic-ion transformer was devised for current supply to 
the recorders, electromotors, capable of transforming 400 eps 
into 100 cps with voltage 220 v and effective power 300 v-ae 
This transformer has been made into a separate block, common 
for both the channels of the measuring group. From this plot 
the control of transformer MA-2500 in the measuring group is 
carried out and also the control of voltages and currents 
cousumed in circuits 115 v 400 cps and 27 v of the constant 
current (transit circuit of transformer MA-2500, used for 
current supply to the marker mechanisms, number of relays, etcee 
Input to the block is a blocking circuit for failure cut-out of 
the apparatus from the board network of aircraft. 

The elements of the auxiliary systems include calibration 
circuits of the receiving-measuring channel, in blocks of the 
selective amplifier. The circuits are meant for checking and 
adjustment in the case of common amplification factor of the 
receiving-measuring channel. 

Main specifications of the apparatus. The output amplifiers 
in sections of the oscillating frame, tuned to working frequencies 
243-974 cps, provide power upto 1000 wts, and on frequencies 
974-3898 cps - upto 700 watts. 

The oscillating frame has 20 (11+9) loops and an area of 
about 388 m, which makes it possible to obtain the value of the 
magnetic moment on frequency 243 cps (the most difficult case) 
upto 18300 avin’. In receiving block are two magnetic antennas 


tuned into resonance, the sensitivity of which is ( Sa ) 
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for LF antenna at f = 243 cps -5, at f = 487 cps - 15, at 


f = 974 cps ~ 25; for HF antenna at f = 974 cps -25, at 


f = 1949 cps -50, at f = 3898 cps - 62.5. The working field 


sensitivity of the whole apparatus in the actual flying conditions 
is 204.1077 a/Me 

The measuring and recording range: by modulus - 103; 30; 100; 
300 and 1000 mev, 133310 and 30 mv; by components the same as 
by modulus, except 10 and 30 mv; measuring range of phase . 45; 

Ba 90 and pA 180°, recording - ba 45° with selection of any octant 
within the range of angles 0-360°, 

The selectivity of the receiving-measnring channel on all 
operating frequencies has attenuation not less than 40 db with 
detuning = 10% of the operating frequency. 

The natural level of noises of the measuring channel, reduced 
to the input of the gondola preamplifier, when short-circuited, 
does not exceed 0.5 mcv, the mean level of external and vibration 
noises at the input of the receiving channel in normal working 
conditions is not over 20 mev. The measuring error: of modulus and 
component upto 5%, in phase upto 2 6 Consumption of energy from the 
board network is about 13k-watts. The apparatus is set up on plane 
IL-14P with power of board network increased upto 18 k-watte 

Construction of generating and measuring unitse The AERI-2 
apparatus is a composite complex, which has to operate reliably 


in flying conditions; therefore, during construction, the demands 


- 679 - 


imposed on it corresponded to the aviation radio-technical 
apparatus. 

The principal co-efficient, which determine the construction 
of the aviation radio-technical apparatus, are (3) epaniicenie 
vibrations within comparatively a wide range of frequencies (from 
one to some hundreds cps with amplitudes upto 1 mm), prolonged, 
as well as short-period accelerations, caused by the plane's motion 
in the air, with take-off and landing, impact loads, possible during 
the landing of the plane, especially in field aerodromes, extensive 
variation range of surrounding temperature, high relative humidity 
of air (upto 100%), etc. The apparatus should have minimum weight 
and overall size, consume as little as possible electric energy, 
and when it is switched on, the setting of working conditions 
should be quick. It should be convenient for tuning, control, 
repairs, etc. The enumerated requirements and the necessity of 
Simultaneous operation on two frequencies, considerable power of 
the two-channel generating system and the number of recordable 
parameters determine the selection of the individual elements and 
nodes of the circuit as well as of dimensions and construction of 
functional blocks and of the set as a whole. 

The outside view of the apparatus is shown in Fig. 261. 

AERI-2 consists of generating and measuring units, auxiliary 
systems, the oscillating frame, the measuring gondola and a 


system for its letting down and pulling up. 
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Fig. 261 


The construction of the generating and measuring units is 
based on a system of cabinets. Four ee were provided for - 
two for each of the indicated units. The cabinets are divided 
into separate comparatments for separate withdrawl of the 
functional blocks. This type of construction provides for the 
rational distribution of the weight of the apparatus, concentration 
in individual cabinets of blocks and nodes, pertaining to the 
same channel which is most convenient during transportation 
outside of the plane, since it simplifies servicing, repairs 
and adjustment. 

Special fetaneies is given in construction to the identity 
of blocks in overall size, as well as to the disposition of 


similar control arid measuring devicese 
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The apparatus block consists of a front panel and a box- 
type chassis of pickled steel. Almost in all the blocks, the 
size of the chassis is 425x450 mm (with the exception of four 
blocks, which are 195x450 mm), whereas the depth of the cellars, 
according to the designation of the block, is 50, 60 and 90 mm. 
A similar length of the chassis considerably simplifies constructive 
evec.ution of electrical and mechanical connections within the 
cabinets, and a similar width (in the majority of blocks) permits 
arranging them in monotypic cabinets. Moreover, a pair of blocks 
with chassis 195x450 mm is equivalent to the size of the standard 
block. Dimensions of cabinets: for generating unit 470x550x1200 mm; 


for measuring - 780x550x1200 mme 


Fig. 262 
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Inspite of the specific properties of an individual block 
or a pair of blocks (the assumption is of two channels) it was 
possible to remain confined to the main standard sizes of front 
panels: three for the generating and two for the measuring unitse 
The outside view of one of the standard blocks is shown in Fige 
262 (a-side view of the front panel, b - view from the top). 

Functional blocks by means of two guiding sleezkers, two 
dowel pins and four (or six) non-failing~ out screws on the front 
panel are reliably fixed in compartments, 

In the first cabinet of generating unit,there are three 
functional blocks, in the second - four; in each cabinet of the 
measuring unit, there are 11 compartments (on the left side are 
the functional blocks, on the right - the recorders). 

The cabinets of the generating and measuring units are set 
up by means of 24 rubberized shock-absorbers on the two main base 
frames, which are rigidly fixed by bolts to the plane floor and 
one with the other. For convenient setting and servicing of the 
apparatus within the plane, the front portions of the frames are 
beveled towards the floor. In the first set of AERI-2 is additional 
top frame, to which the top surfaces of the cabinets are fastened 
by means of 16 rubberized shock absorbers. The top frame is 
fastened to the ceiling by brace wire. In the second set of 
AERI-2, instead of the top frame a longitudinal angled plate 


for sidewise attachment of the cabinets has been applied (by 
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eight rubberized shock absorbers, set up in the rear top 
angles). Attached by bolts to the longitudinal angled plate 
are three vertical and three sloping posts, joined by bolts 
to the bottom frames, thus forming a single rigid construction. 
The sloping posts pass between the cabinets of the apparatus. 
Every cabinet is attached to the base frame by eight shock- 
absorberse Brace wires keep the angled plate fixed to the 
ceiling. Thus, each cabinet in both the sets of the apparatus 
is held by 10 shock-absorbers, which protect the apparatus 
from vibrations and shocks during the flight, as well as 
during the landings (79). The ventilation gratings are in the 
planking of the cabinets. Since the recorder mechanisms almost 
never get heated during operation, their compartments do: not 
have gratings. By means of hinged brackets the recorders are 
attached to a vertical angled stand. Because of this each 
recorder, tuning around the axle, comes out from the compartment 
and its mechanism is handy for checking, tuning or repairing. 
The recorders are closed with removable covers with glazed doors. 
For a convenient access to intrablock connections, door 
have been made at the back of each cabinet: single ones in the 
cabinets of the generating group,double in those of the 
measuring groupe The doors are closed by rotary locks. At the 
base of the rear side of the cabinets are fixed panels, on 
which are the plug sockets are set up for external and intra- 


cabinet connections » 
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The apparatus is co@led by forced air draft and outside air. 
The central air line, connected with the air collector, is placed 
on the bottom frame on the floor. The cabinet airlines are 
connected with the eeneenl air line by means of nipp aa and 
flexible hoses. 

Hach block of the apparatus is electrically connected with 
the general scheme by means of plug sockets and, where necessary, 
by special high-voltage transits. The inside plug jacks are of 
RSHA type (intrablock with cases for 6 and 14 contacts). The 
recorders are connected with the general scheme by flexible 
cables with socket plugs. 

To exclude mutual coupling and to provide protection against 
the external electromagnetic field, many details (transformers, 
choke coils, etc.) and individual nodes of blocks are shielded by 
steel screens. The front panels have engraved description of 
blocks and the designation of control sections, 

The weight of the four cabinets with blocks, bottom and top 
frames, is about 950 kg, and the weight of the whole set is about 
1400 kge The overall size of the apparatus is 2620x1590x1590 mm, 

The trailing measuring gondola is meant for the disposition 
of receiving magnetic antennas and preamplifier; it is electrically 
connected with the measuring apparatus by a three-core cable 
KTB-5M, which at the same time functions as a towing cable. By 
means of a winch and letting-out system, the gondola could be 


let out from the plane to a working length of cable, 150 me 


Fig. 263 
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The gondola is a stream-lined aerodynamic shell of cigar 
shape, seasiaeint of the following main parts (Fig. 263): case. 
with stabilizer and balance weight, suspension and shock-absorb- 
ing devices for receiving antennase 

The gondola case is made of high-quality ply-wood, impreganted 
with antimoisture compound. Its outside is pasted by two layers of 
perkale and colowred by red nitre-dies. The case consists of three 
parts: nose 1 with balance weight, middle 2 with attached suspension 
and the tail part 3 with ring stabilizer, where the gondola amplifier 
? is located. For connecting all the indicated parts there are in 
the middle portion of the aodasis two landing rings 4 made of plastic 
glass, rigidly joined to this portion of the gondola by rivets. 
Through the screw bushing, riveted to the rings, eight brass screws 
are screwed in, thus assuring a sufficiently close setting and 
strength of the assembly. 

The overall size of the gondola: OD = 290 mm, L = 1830 mm, 
stabilizer dia. d = 420 mm, length of the stabilizer ring 1 = 345 mm. 
The total weight of the gondola with suspension, magnetic reception 
antennas and gondola amplifier is about 55 kge 

The nose portion of the gondola is a hard ply-wood cylinder, 
in front of which is glued in a wooden knob 8 of spherical shape 
with inner boring for placing the balance lead weight 9 and 
transporting mechanism. By means of a duralumin screw 10 and two 
guides 11, the lead weight could be shifted within limits along 
the gondola axis for exact balancing. The weight is fixed in the 
required position by means of a brass press plank and screw 12, 


The head of the screw is in a seat on the cylinder's surface, 
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Puce. 264. : 
Fige 264 


Suspended on tape rubber in the middle portion of the 
gondola are the receiving magnetic antennas 5. The rubbers 
are attached to the top and bottom rings, set up on the 
plastic cylinders of the antennas (Fige 264). Such is the 
rigidness of the selected rubbers that the natural frequency 
of the system would comprise a few cpse The fixing points of 
the rubber tapes of one antenna appear to form the apexes of 
a cube. This provides an approximately similar rigidness of the 
system in the direction of all the three coordinate axes. On 
the inside of the gondola case above and below the cylinders 
porolon padgiz are fixed to serve as dampers with considerable 
amplitude of antennas oscillations, built up during the ticactes 
On the sides of the middle portion of the gondola there 
are two steel axles with two tractions with a cross-member, which 


make the suspension 6. For a reliable fixing of the axles riveted 
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inside and outside the cylinder there are brass facings. In 
the middle of the cross-member fixed on hinges is duraluminum 
knob, the sides of which are joined by screws with nuts. 
Inside the knob is an edgewise grooving, into which a steel 
bushing with embedded end of the cable with plug connector is 
inserted. The cross bars and connecting rods, which are hollow, 
are used for laying wires of gondola amplifier electric connection 
with cable cores. 

For eliminating noises, which arrive at receiving antennas 
with the friction of metal against metal, capron (resin and 
fiber) bushing and washers have been put up in every hinge of 


the suspensione 


Fig. 265 shows the photograph of a let-out gondola, which 
is additionally shock-proofed by a rubber shogek-absorber. The 


wire-cable has a loose-fitting loop at the point of connection 
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with the link. 


Setting up of apparatus in the aircraft. Fig. 266 shows 


a simplified diagram of the plane IL-14P with arranged apparatus, 
transformers, hatch with aerial photo-camera and let-down system. 
Also shown is the position and attachement of the oscillating 


frame. 


ral Hed 
mec See 
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The cabinets with apparatus 1 are arranged in the middle 
portidn of the plane's ¢enter (in passanger cabin) and slightly 
closer to the right side, The cabinets face the left side, 
against which the operator's seats are placed. On the ceiling of 
the cabin is a beam 15 for the swinging of the top frame of the 
apparatus. The bottom frames are bolted to the floor of the 
piane. 


The apparatus and transformers are cooled by outside air 
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by means of standard aviational air collectors 2 and 56 Air- 
collector 2, set up in the right-hand forward window of the 
passenger cabin, connects with the apparatus by a rigid central 
air line and flexible hoses, fitted on nozzles of the central 
air line and the cabinets of the generating and measuring groups. 
For a better cooling of the generating group cabinets, the right- 
hand window has an exhaust system 3 of ejection type, joined to 
the cabinets by durite hose. 

The transformers 4, placed into the sound-absorbing box, 
are set up in the forward luggage section. The air-collector 5 
is joined to this box by means of a rigid metal sleeve. For the 
exit of heated air the box has holes at the top. On the right 
side of the baggage compartment, the transition block 16 is set 
up for bracing the turns and connection of the oscillating frame 
9, as the turns of the frame are cut in its forward portion, 

Fig. 266 showes the setting of the photo-hatch 6, meant for 
the setting of the aerial photo-camera for taking pictures of 
the locality along the route of the air-borne geophysical survey 
and optical viewer for observing the drift angle of the gondola. 

In the rear of the passenger cabin is a winch with electric 
drive 17, in the floor of a cabin a hatch 7 is cut for the let-out 
system 14 with guide shaft and a device for fixing the gondola in 
the flying position. Along the left side of the cabin, at the 
working points of the operators and at the let-out system, there 


are the main stations of the talking system for inter communication 
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of the operators and for communicating with the crew during 
the carrying out of a survey. 

The oscillating frame is made in the shape of a braid by 
MCSL wire 4 ae in cross section. For a better streamlining in 
air flow and for the protection of wires from moisture the 
braid of the frame is covered by a plastic tube. In order that 
the frame may have an appropriate strength, it is suspended from 
the plane together with steel wire 10 (TOG 3-5 mm in diameter). 
The rear branch of the frame is laid on the front edge of the 
stabilizer and is attached to it by means of clamps. The braids 
of the side branches are set up jointly with the steel wire, 
stretched between the special plates of the stabilizer 12 and 
stands 13 on the motor gondolas. The wire should not form a 
closed loop. Therefore, it is stretched through intermediate 
nut insulators 11, set up near the stands of the motor gondolas.e 

The front branches of the frame, jointly with wire, are 
fixed to stands 13 on the motor gondolas, and after passing 
through holes in the wainscoting of the Inggage compartment in 
the centre of the plane - to a bracket fixed in the floor. By 
means of rubber-bushing, the braid of the frame is insulated 
from the fuselage at the points of its input into the centre 
of the plane. Branches of the oscillating frame are fixed to the 
wire by means of cotton bandages. 

The let-down system (Fig. 267) consists of logging winch 


LK-650 with stacker (not shown in the figure), electric drive 1, 


~ 592 - 


guide blocks 2, shaft 3, clamps 4 for the fixing of the 
gondola device 5 for its reliable clamping during the flight 
and outlet hatch 6. 

The logging winch, besides the electric drive, has a hand 
drive with drum brake. Onto the receiving drum of the winch 
160-170 m of wire-cable KTB-5M is wound. The electric motor of 
the winch 0.6-0.8 k.watt with reducer, estimated for the supply 
of direct current from the board network, is set up on a special 
bracket 7, joined to the winch frame. The reduccr is connected 
with the axle of the drive mechanism of the winch by means of a 
geared electric clutch, which emabless the gondola to be raised 
either by hand or by means of the electric drive. 

In the flying position gondola enters into clamps 4, fitted 
on the fuselage and which center the gondola under the outlet 
hatche 

In order to soften the impacts and vibrations of the gondola 
in flying position, the clamps are lined with felting. A special 
device has been provided for a better fixing of the gondola, which 
keeps it reliably clamped. This device consists of a small hoisting 
block 5 with section grooving and stem for its rotation and a rubber 
shock-absorber 8 with hook 10. The hook catches the cross-member 
and by a turn of block 5 the required tension of the rubber shock 
absorber is obtained. The block is retained in the preset position 
by pin 9, which is inserted in its side holes. 

Under the little guide block there is a device for releasing 


the gondola in case of failure. The device has a knife, the 
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cutting edge of which corresponds to the profile of the guide 
block groove. The knife is activated by an explosion of two 
pyro-cartridges and instantly cuts all cores of the eable. The 
button for switching on the pyro-cartridges (operating voltage 
27 v) is in the pilot's cabin. 

To prevent the friction of the cable against the plane-body 
during its let-down and hoisting, the bottom portion of the hatch 
is equipped with roller 3, which is a pair of truncated cones, 
joined by the smaller bases. This also helps obtain the centering 
of the cable in respect of the let-out system. The hoisting speed 
of the gondola by the electric drive is 40-50 m/min. 

Electric circuit for connecting the apparatus with the board 
network of the plane. The primary source of power for AERI-2 is 
the direct current network of the IL-14P plane. Current supply fn 
the board network is provided by two generators GSR-9000 with 
total power 18 k.ewatts. Total power consumption from the network 
by transformers - three MA-2500 or two PO-3000 and one MA-2500 = 
at nominal working conditions of the apparatus does not exceed 
13.5 k-watte The board network also supplies current for the 
electric drive of the winch with power 0.6-0,8 k-watt, which is, 
invariably, cut in with the apparatus off, 

Through the transit circuit of transformer MA-2500 in the 
first set voltage from the board network is supplied to the 
apparatus for energizing some of its elements ~ frequency 
switching relay, electromagnets of mechanism for marking 


measuring range, time breaks and guides, recorder illuminators, 
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etc. In the second set, the transit circuit of transformers 
PO=-3000 is used for the supply of voltage from board network 


to the generating group for energizing frequency switching 


relaye 


| “3 


Fig. 267 


The block diagram of the apparatus connection with the 
board network is shown in Fig. 268. The same diagram shows in 
a Simplified form the main units of the electric system of the 
plane (eenerators GSR-9000, their protective system, current 
and voltage control node, etc.) The board network is "grounded" 
by minus to the plane's body. 

The positive of the transformers 2 (MA-2500 or PO-3000) is 
connected with the bus bar of the left side through fuse 1 IP-~200 
type, the negative - directly with the plane mass. The section of 
each feeder should be approximately 70 aim The transformers are 
connected by means of hoseS with appropriate cabinets of the 
apparatus, from which the remote control of transformers is being 


effected. 
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Key to Figure 268: 


a, Right GSR- 
9000; 
Fuse; 


f 
{ 
o 


ae ‘ Pe ——, eS 
Gobo Yuva npaboeo bopra 


c, Current and 
(ePs000 | | : 


voltage 


Te Tz d, Fuse; 
j e, Left GSR- 

9000; 

f, Fuse; 


Q 


track; 


12 
_ Yuva neboe0 bopma oe g cabinets; 
J 


i ee ji, Emergency 


: gibt apparatus 
{ circuit; 
Fig. 268 j, Left side 

N, __track. 


The electric drive 5 of the winch 9 is cut in to the bus 
bar of the right side through IP-100 fuse 4. By means of the 
tumtle 8 it is possible to control electromagnetic coupling of 
electromotor, which starts by contactor 6, switched on by the 
tumbler 7. The contactor and tumbler are fitted in a special 
box attached to the winch frame. The electric drive is switched 
on only for the hoisting of the gondola, but its lowering is 
effected directly by the winch. Feeders for the electric drive 
should have a section of approximately 35 mm. 

The emergency uncoupling of the apparatus is implemented by 
simultaneous de-energizing of all transformers by locking the 
tumbler 3 in the pilot's cabin. The emergency drop of the gondola 
is effected by pressing the button 14, through the normally open 
contacts of which voltage + 27 v gets delivered to pyro-cartridges 


11 of the device for cutting cable (10, 12, 13). 


control unit; 


orae g, Right side 
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26 Apparatus of VMP (rotating magnetic field} method, developed 
by VITR 
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The first set of apparatus for the VMP method was made in 
1960 in VITR and was designed for application on plane LI-2. 
The second, more perfect, set, developed in 1961, was installed 
on plane AN-2; in 1962, it was modernized and recommended as a 


test sample for introducing the apparatus of the VMP method. 
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Fig. 269 


Generating set. The block diagram of the generating set is 
shown in Fig. 269. Quartz master oscillator 1 (f = 9800 cps). 
Magnetic frequency dividers 2 applied for obtaining other 
operating frequencies (2450, 1225 and 612.5 cps). The required 
frequency is selected by switch P. The working signal from the 
output of the master oscillator arrives through a 90-degree 
phase-invertor 3 at the preamplifier 7 and terminal repeater 5. 
The same signal, but without the phase shift, is delivered to the 
preamplifier 11 and terminal repeater 12. 

Terminal repeaters 5 and 12 are loaded onto tuned oscillating 
frames 6 and 13, into the circuit of which are connected, in 


series, control resistances R, and R5° The voltase taken off 


1 
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these resistances is delivered to the control block 10, in which 
by the zero method preservation of the preset amplitude ratio of 


_ eurrents in the frame (indicator 7) and of the fixed phase shift 


Wet indicator 9) is checked. Indicator 8 permits controlling the 
intensity of the current in each eacdiestee frame. 

Terminal power amplifiers are assembled on semi-conducting 
triode 1 and their power is supplied directly from the board 
network of the plane by voltage 26 v. This increases the 
efficiency of the amplifiers and reduces power consumption from 
the board network. The output power of each amplifier is 250 watte 
The master oscillator is also energized from the board network 
of the plane and for obtaining anode voltage there is a semi- 
conductor transformer. The weight of the generating set is not 
over 45 kg, total power consumption does not exceed 1 kwt. The 
outside view of the generating block was shown in Fige 10, ae 

Added to the generating set is a device for checking circular 
polarization of the primary magnetic field. This device is a 
receiving frame, which can revolve around vertical and horizontal 
axis. The frame with ferrite core is tuned to the operating 
frequencies. The frame stage has a level and two goniometers. The 
whole device is set up on a triped. The circular nature of the 
rotating magnetic field is checked on the ground, The output 
voltage of the device is measured vacuum-tube voltmeter (LV~9). 

The vertical oscillating frame is attached to the fuselage 
of the plane; the upper branch is uplifted above the centre of 


the aeroplane wing and retained in the set position by two brackets; 
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the rear portion of the frame is attached to the tail fin of the 


Plane. The lower branch of the frame is confined in a durite tube 


and attached directly to the center of the plane wing. The side 


branches of the horizontal frame are slightly removed from the center 
of the plane wing and fixed by six (three on each side) uniform brackets. 


« 


fo impart the required strength to the frame braid, a steel wire is 


embedded within it. 
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If investigations are carried out by means of plane LI-2, 
the magnetic moment of the oscillating frames comprises about 
1600 peers (each frame has 18 turns of wire LPRGS-2.5 and area 
S me30 m°, if plane AN-2 - about 800 av.m*. 
The receiving-measuring set of the VMP method apparatus 
has two channels and could be constructed according to various block 


diagrams. Let us analyse three such diagrams (132, 234). 


First Diagram (Fig.270) is not highly noise-proof apparatus 


because of the fact that noise signals, received by both the frames, 


are geometrically added in the subtracting dircuit, and the peak 
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noise is estimated as doubled magnitude of noises, acfive 
in each.channel (assuming, that the noises are approximately 
of similar magnitude and shifted in the phase by 90°). Since 
the unbalance signal/. U is very low in comparison with 
Wow WU), the instability of the preamplifiers, made with 
a narrow band, increases the error in AU determination. 
Therefore, in the given scheme, the main requirements of the 
measuring apparatus are high stability and selectivity, which 
cannot both be resolved simultaneously and completely, hence 
there is usually a compromise. 

To increase the noise-proof it is expedient to measure 
directly the amplitude difference of both the signals A = 
(UL) - (u) (amplitude parameter) or their ratio and the phase 
shift between them Acp = cpu, - PU_ (phase parameter) (234). 
These measurings areassured by the second scheme (Fig. 271). Due 
to the detection of measured signals Uy and ue and separation of 
envelope on the meter of A parameter, the signals will be the sum 
of average level noises. Hence the error will depend only on the 
difference of avérage value of the noises and not on their absolute 
magnitude. Therefore, the given scheme has a high noise-proofing 
itan the first. Here also the measuring of the phase parameter is 
more simple, since the possible variations of the signal phase do 
not take up a wide angular range. However, due to the presence in 
this scheme, like that in the other, of two separate preamplifiers 


it is impossible to obtain high stability with high selectivity. 
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The stability of measurements could be enhanced by the 
application of a scheme, in which the amplitude difference is 
measured by means of the commutator, which connects alternately 
with the input of the preamplifier voltage Vo or US (Fig. 272). 
After leaving the preamplifier these voltages arrive at the 
detector. If the amplitudes of the compared signals are uniform, 
their envelope at the output of the detector will be in the shape 
of a straight line. In other cases it will be stepwise. By means 
of filter separation of voltage is sirseten with the amplitude 
proportional to the difference of signals (Uy) - (Uo), and with 
frequency equivalent to that of the commutating voltage. 

Fig. 272 shows that the preamplifier and detector are common 
“for both the compared signals. Although these units have their 
natural instability, in this case they do not cause any appreciable 
error in measurements (i.e. pseudoanomalies), as they are 
compensated through separation by the envelope. Therefore, in this 


system it is possible to apply for the selective circuit -:: 
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of the preamplifier with narrow pass band without deterioration 
of the stability of the entire measuring system (12)- Commutation 
phase measurements similar to commutation amplitude measurements 
may also be implemented, 

In the test sample of the apparatus for the VMP method, the 
last block scheme of the measuring apparatus, shown in greater 
detail in Fig. 273 has been used. Here the signals UL and U. are 
taken off the receiving frames 1 and 2, which are tuned to the 
operating frequency of the apparatus and have field sensitivity 
about 7.5 et e The receiving frames are Breced in the trailing 
gondola; therefore, the operating frequencies aneawitenea over 
by means of remote switch relay. Both signals are amplified by the 
gondola preamplifiers 3 and 4, having a comparatively wide pass 


band and high stability amplification factor (see para 2, Chapter X). 


ig, Meter A; 
h, Gondola; : 
\i, Aircraft. 


Fig. 272 


The amplified signals U, and ee are delivered along the 
cable into the measuring apparatus; at the input of which 
provision has been made of matching and calibrating stages 5 
and 6. Hence the signals arrive at the electronic commutator 
Kas which alternately cuts them in to selective amplifier 7. 


The selective amplifier is followed by amplitude detector 8; 
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its output voltage has a stepwise shape and is proportional to 
the difference (UL) - (Us moreover, this voltage does not 
depend on the absolute values of UL and Ue The stepwise voltage 
is amplified by selective amplifier 9, tuned to the frequency of 
commutation fi. = 30 cps, and through output commutator Kos 
operating synchronously with the ,input one, arrives at the 
difference recorder 10 with writer 11. By means of the special 
divider in stage 5, the scale of writer 11 is calibrated in 


percentage ratio of the mean level of the primary field. Therefore, 


the measuring is of the relative amplitude parameter. 


So (UL) - (U,) 
? 
U 
° 
where 
4 . 
ue 2 => ( (u,) + (uy) ‘a 
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Fige 273 


Besides the stepwise voltage with commutation frequency rx 
at the output of the amplitude detector there is a build-up of 
a constant component Uo proportional to the mean level of the 


primary field. This voltage is used for the distance control 
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between the planes (m, = const) and gets recorded by writer 12. 

In this scheme, phase measurements are also carried out by 
the commutation method. The measurable voltage is the signal uo 
which by means of amplifier-limiter 13 acquires a shape close to 
rectangular. The comparative voltage on phase-sensing detector 14 
is supplied from the output of selective amplifier 7. Since the 
phases of voltages U and Us are rectified in the measuring system 
by the additional 90-degree phase-invertor, with deviation from 
the preset phase shift of 90° between signals UL. and Ue a stepwise 


voltage with frequency f, will appear at the output of the phase 


k 
detector (FHD). The output voltage of FHD, proportional to phase 
shirt A <p ; is8 amplified by the selective amplifier 15 (tuned to 
frequency f) and through the output commutator as arrives at 
difference recorder 16 with writer 17. For the calibration of the 
phase meter, there is a special device in the input stage 6. 

Commutators K, - Kyo assembled on semi-conductor triodes, 
have a low noise level and are practically non inertial. They 
are energized from a separate low-power RC-generator 19, 

In the measuring system, provision has been made for recording 
of the flight altitude h by pen 18, which gets the signal from the 
plane radio-altimeter 22. At the moment of tying in the aerial 
photographs, synchronizing impulses from photo-camera 21 are fed 
to pen 18, where they are recorded in the shape of narrow ejections. 
The pens 11 and 17 receive from system 20 time-breaks at 1 min. 


intervals (in the shape of shot ejections with positive polarity) 


and navigating marks of guides (long ejections of negative polarity). 
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For the recording of measured parameters the pen is type ASGM-25, 
the same as in the aeromagnetic statione The entire measuring 
system, with the exception of commutators, is assembled on 
electronic tubes; its weight is about 40 ke. The outside view is 


shown in Fige 17,be The power consumed is about 0.2 k-wt. 


36 Apparatus of the BDK method worked out by FMI AN Ukr. SSR. 


The developed block diagram of measuring and auxiliary 
apparatus of the mobile group in station AZRA-58 is shown in 
Fig. 274. The measuring apparatus is tuned and operates in relation 
to the position of the switch for the type of work 4 (calibration, 
operation of receiving system in the gondola, or with the receiving 
system in the tail). The measured signal is picked up by receiving 
ferrite coils 1 and 11, each of which is tuned to the operating 
frequency. The transition from one operating frequency to another 
is effected by the switching of resonance capacitances, commutable 
in systems 2 or 12. Depending on which receiving device is in 
operation, the measured signal is amplified by preamplifier 3 or 
13 and then transmitted by the connecting cable to the measuring 
system = input of the type of work switch 4. Hence the measured 
Signal arrives at selective amplifiers 5, where it is amplified 
upto the required intensity. Between the two selective amplifiers - 
a and c = is a stepwise voltage divider 5 b, serving as aacwitch 
of the measuring range. 

The remote control of the measuring range is attained by 


Switching over from the panel of components 41 to the terminals of 
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corresponding relay coils. In the retuning of the operating 
frequencies in selective amplifiers, the use is made of. the 
switch connecting RC-filters, tuned to pertinent frequencies 
(the switch is not shown in Fig. 274). 

The axis of the switch is brought out on the front panel 
of the measuring block. The amplified measured signal arrives 
at the FHD 6 and 32 in the channels of the component and phase 
recorder. 

Let us trace the passage of the main phase signal. In 
transmitter UKV, included in the apparatus of the ground group, 
the operating frequency is modulated by voltage, the phase of 
which coincides with the current phase in the cable. This signal 
is picked up on the helicopter by the receiving antenna 23 and 
amplified by the radio-receiver of main signal 24, After detecting 
the separated modulation, voltage is amplified by LF-amplifier 25. 
From the output of the LF-amplifier, the voltage arrives at the 
input of the quadrature phase-inverter 26, hence to the auxiliary 
phase-invertor 27 (by s 15°), and to the input of automatics 
block 39. At the output of the auxiliary phase-inverter 27, the 
main signal is directed into the circuit for measuring and 
recording of the components and phases. In the phase-recording 
channel, the main signal passes consecutively through stepwise 
phase-invertar-phase measuring range switch 28, the even graduated 
phase~inverter 29, amplifier 30, two-sided limiter 31, after which 


it arrives at the input of FHD 32. The voltage at the output of FHD 


Axbupamenorpse 
ycuaumenu 


9 
Ycunumenb 
obmonomnen- 


3 
/Ipedbapumens- 
fbit ycunu- 


2 
Nepenarovamens 


mom Kamyuiku 


Jnemenmnl, Bomecernole 


flepennrouamenb 
na xBocmobyi0 Canny ‘ 


npedenod usMepexur 


Molt ycual- , o. 
mene : eee ee eA, 


Yempaiiemba me 
mox Opemenu u 
npederob vamepe: 
Hua 


6 2ondone 
i. 6 | 
| Shyxobod ze-i 
| sepamop | 
Gee ae eS ee 


23 Pe Oe ee 


Yeunumens 
cuenana 


34 


IS 56 39 
Homondnea Boinpamumen Brox ebmo- 
poduocmanuis fumaxur Gr0d- MaMmuAU 


4020 YCUAUIMEA 


' Bopmoban .cems | 
1 UT Pr Puc. 274 
| FOLDOUT FRAME 


! 2 


Anonna 
wmypMana 


Btn us6upameneriozo ycunumenn Baan Bonsmmempa ————~—— Ge a ee : 


ttieaaumetin ; Coeduny. | Pepenmoua-) |e wnoua” | |#aGupamens- Dasouyscmbul | Duremp num \ ? yempoiemse am Yempoiicméo 
Byodduienistescl vt eee mene pot Merb npede- wiih a =on? Fs Crema |. | Pebepcubtiss Suxu memox ombubxu 
odo u wert pode Heit ycunu y=90 MeNbHbIt Hux “acmom, © npecdpasa ; 
Ramywea poh menbHbil Ka- 0b uamene- denicn potna AOMMERCOLUL Raney Obuzainens Opevenu u Ape~ OPUeHMUPHbIN 
eres bene ues madyan Oe clase VR Kia cee Seno usmepenun MEMOK 
| bo 4 
100-750 Meu 
| Cunxponton 
CBagnaa ‘aninponbH il Memounun nu- GBueumen 
pubop manus c npe- 
4KB obpazcbamenem 
po@ucemanuusa 1) MA~250 
| Baok numonup gn ag 
‘ = : 
= Yempoticmbo orn-| Yempoticmbo 
A bubxu vemor ombubau 
: fei - 
Apuemnur MaGupamenv- Ycmanosxa | | Tepyaatowa- Aaabapu Dsniianih ®unemp wum-| | Ycunumans | — | Pebepcubront be pipe Sia ae 
4 re a meitn npe- epadyupoban- epanuau: MOO ugMepenug MeMmoH 
onopHozo fbi ycuau- AMUMGHUR 20H HAR ouuP: Youaumens Hux vacmeM, 
Heuaio donbnoza 3 deny yame-|" | Haid a3z0- Men @Bueomen 
Me/b ycuaumena Pasomempa! perm pase! | Boowamend weomen> | i] 
SF po ee ee 


5AoK Rpuemnuxa SSS S5 (oe eS Se Se SSS eS eS Se a i] 
CunxpoHueld 


dBueamenb 


 SSSSSSSSSSOOCC“‘“NNNNNNNNNNNNNN NN, 


| 
Puc. 276 ; : Peeucmpomop jmasbt 


Brox gazomempa 


t 

| REPRODUCIBILITY OF 

: THE 
ORIGINAL PAGE IS Poo 


FOLDOUT FRAME ROLMOTED a aren 


~ 706 = 


is filtered by LF-filter 33, gets transformed into alternate 
voltage of 125 cps and is amplified by the electronic amplifier 
of the automatic compensator with transformer 21. The transformed 
signal activzates the reversive synchronous motor 20, which 
revolves the even graduated phase-invertor 29 until quadrature 
(angle S-) is set between the measured and main signals at the 
output of FHD 32. The smooth phase-invertor is graduated within 
the measured angles of the phase shift. The reversive motor is 
rigidly coupled with the recorder's carriage and fitted by means 
of pen, in the carriage phase variations between the measured and 
main Signals are marked on the tape. To provide for a uniform 
sensitivity of the phase recorder there is AGC circuit 22. 

From the output of the auxiliary phase-inverter 27 in the 
channel for recording components, the main signal arrives at the 
quadrant phase-invertor 19, in which the main signal vector is 
turned by n*90° (n = 1 = 4) in relation to the original position 
of coordinates, Further on, the signal is amplified by amplifier 
18, gets limited by the two-sided limiter 14 of 0-1 type and, in 
the shape of rectangular impulses, arrives at the input of FHD 6. 
The output voltage of FHD is filtered by LF-filter and compensated 
in circuit 7. The uncompensated portion of the voltage gets 
transformed, by means of the electronic amplifier of automatic 
compensator 9 with vibro-transformer (VP) 8, into alternate voltage 
of 125 cps and is Yelivered to reversive motor 10. The latter 
operates voltage in compensation circuit 7 and records on the 


diagram tape the value of one of the quadrature components, 


a OF fe 


If the main signal at the output of quadrant phase-inverter 19 
is in phase with the measured signal at the output of selective 
amplifier 5 c, the measuring and recording is of the active 
component; but if with shift at 90° - of reactive. The recorders 
of component 41 and of phase 4 are provided with devices 42 and 45 
for the printing of guide marks on diagrams and with devices 43 and 
46 for printing the time breaks and measuring limits. 

Above an orienting point, the navigator presses a button for the 
supply of current to the electromagnetic coils of devices for 
printing guide marks. The operator on an order from the navigator 
sets the next position of the guide-marks switch, getting the 
marking device ready for printing. The marks are printed simultaneously 
on both the recorders. 

The device for the time braks and measuring limits operates 
in the following way. From the output of LF-amplifier 25 the main 
signal arrives at the automatics block 39. Depending on the 
frequency of the main signal, the frequency is correspondingly 
divided in the circuit of the automatics block to 40.6 cps. The 
voltage of 40.6 cps is amplified upto a certain level and arrives 
at the winding of synchronous electrometer SD-2, which revolves the 
indicating needle at 1.62 rpm. At every 37 sec. the needle locks 
a pair of contacts and delivers the current supply to the electro- 
magnet winding of mechanisms 43 and 46 for printing the time breaks 
and measuring limits. As a result, after every 37 sec, the imprint 


of figures for the corresponding measuring limits of the component 
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and phase appears on the diagrams. During the switching of the 
measuring range the operator fixes additionally its conventional 
number by pressing a special knob, thereby activating the printing 
mechanism at both the recorders. The apparatus also makes it 
possible to print the measuring range separately. On diagrams, 
left of the shifting, are printed the guide marks, on the right- 
the time break and marks of the switching measuring rangee 

The power supply to the measuring and auxiliary apparatus of 
station AERA-58 on helicopter comes from rectifiers with electronic 
stabilizers 36 and 37, and also from the current supply source of 
filament circuit 41. The source of supply voltage 40 of 400 cps 
is the mechanical transformer PO-500, and of 125 cps - PO-45; these 


transformers get their current supply from the helicopter's network. 


Fige 275 


The signal level at the output of the selective amplifier 


(5 ¢) and at the input of the two-sided limiter is controlled 
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by meter I in calibration mechanism 17. The meter is on the 
front panel. Position 1 of the switch P, corresponds to the 
level of the measured signal, position 2 - to the level of the 
main Signal. The calibration of the measuring system is done 
in the same position. 

For a two-way coupling with the ground unit, the 
application on the helicopter is of master radio-station 34 and 
35 of RSIU~3M type. 

The outside view of the measuring apparatus AERA-58 is 
shown in Fig. 275. The entire apparatus is mounted in the two 
cabinet legs of the table, on which on the left is the component 
recorder, on the right - the phase recorder. 

The disposition of the measuring apparatus AERA-58 in 
helicopter MI~4 is shown in Fig. 104. The measuring apparatus 1 
with recorders 2 is set up in the forward part of the helicopter 
cabineg At the side, through an opening in the floor, the antenna 
of the main signal receiver 3 can be brought out. The trailing 
gondola 4 with winch 5 for the lowering of the gondola are 
placed to the right of the helicopter's gravity center. Set up 
in the trailing gondola are the magnetic field receiver and 
preamplifier. Similar units are fitted inside the tail vibro-proof 
system 6. 

The experience of using station AERA-58 and the improvement 


of exploration methods by its help have made it possible for the 


SAGs 


Institute of Mechanical Science and Automatics of AH Ukr. 

SSR, jointly with L'vov Experimental Production of AH UkrSSR, 
to develop and issue in 1960 a small series of the modernized 
set of AERA-2 apparatus. By means of this apparatus, it is 
possible to measure and record the amplitude and phase of 
eemef. in the receiving coil (in relation to the comparative 
voltage). This apparatus has been provided with the stepwise 
adjustment of frequency pass band in the channels of amplitude 
and phase recording, which raises the quality of parameter 
recording on diagram tapes, calibration system, described in 
para 10 of Chapter XIII, automatic frequency switching in the 
gondola system. The construction of the mobile and ground 
apparatus has also been improved, reliability of the operation 
enhanced, etCe 

The block diagram of the measuring apparatus is made,‘by using 
synchronous reception circuits on FHD base. The recorders of 
complex values are constructed on the principle of the block 
diagram, shown in Fig. 213. The expanded block diagram of 
apparatus AERA-2 is shown in Fig. 276. The entire apparatus 
is made in the form of separate functional units - receiver 
block, phase meter block, etc. 

The measured field induces e.m.f. in the magnetic field 
receiver (ferrite coil), signal from which arrives at the 
input commutator and calibration circuits and at the input of 
the gondola amplifier. Further on, the measured signal arrives 


at the block of the selective amplifier and phase-shifting 
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circuit. The type of work switch commutates the measuring 

circuit automatically. It has 12 positions (see para 10, Chapter X): 
1-h- operating frequencies: 5 - short-circuiting of the gondola 
amplifier input; 6-9 calibration on four operating frequencies; 
10-11 - active resistances equivalent to resonance resistance 

of receiving coils (100 kohm and 1.2 Mohm); 12 - synchronisation 

of step-by-step finders, The dash line shows coupling of the 

type of work switch assembled on the step-by-step finder, with 
Similar finders in other blocks. 

The comparative voltage is received by radio~channel from 
the ground unit on one of the two frequencies in the apparatus 
in the range 2-3 M-cps. The signal of carrier frequency, modulated 
by the voltage of one of the four operating frequencies, arrives 
at the receiver block, consisting of the main signal receiver, 
selective amplifier and current stabilizer of the gondola amplifier. 
Here this signal is demodulated and isolated as a comparative 
voltage of the operating frequency. The two-way coupling with the 
ground unit, required for quick work, is effected by means of the 
master radio-station of the helicopter. 

From the output of the re-eiver's block, the comparative 
voltage is delivered to the phase meter block, consisting of zero 
setting device (non-graduated phase-invertor)}, measuring range 
switch (graduated phase-invertor), amplifier, FHD limiter, LF-filters 
and amplifier with transformation. The comparative voltage, in 
the Shape of rectangular impulses, controls FHD from the output 


of the limitcr circuit, thus providing for impulse-work, 
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The voltmeter block consists of phase-detector (FHD), LF- 
filter (FNH), adjustment circuit of time constant tT, amplifier 
with transformer and compensation circuit (rheochord, energized 
by direct-current stabilized voltage). The blocks of amplitude 
(modulus) and phase recorders are identical. They have reversive 
and synchronous motors, marking the mechanisms of time breaks, 
measuring range and guide marks. The mechanical coupling of 
recorders with rheochords in the compensation circuit with the 
even graduated phase-invertOr and also with the measuring ranges 
of the amplitude and phase, are shown in the diagram by dashes. 
The levels of comparative voltage and measured signal are fixed by 
meter V. 

The phase and amplitude recorders operate in the same way as 
in AERA-58. However, here the follow-up system of the phase recorder, 
due to less extensive variation range of the input signals, does not 
have the AGC«circuit. Proportionality of amplitude indication in the 
circuit of the amplitude recorder with FHD is obtained when the 
voltage on it is in phase. With this aim the block of selective 
amplifier is provided by phase-invertor at 90°. 

The calibration circuit, applied in AERA-2, is described in 
para 10 of Chapter XIII (see Fig. 250). Used for calibration is a 
control device with V, current supply stabilizer of the gondola 
amplifier and the switch for the type of work. 

The measuring unit of AERA-2 apparatus is made up as a Single 
cabinet, which can be easily carried over and set on the frame- 


supprt 1 (Fig. 277). Into the cabinet, blocks 283 (2 ~- supply 


block; % - selective amplifier; 4 - phase meter; 5 - voltmeter; 

6 - receiver) are inserted in the connectors. Each block in the 
cabinet is fixed by four screws. Hlectric connections between 

the blocks are made as braids, fitted in the rear of the cabinet. 
here are also the connectors, through which the signals are fed to 
the apparatus from the gondola amr:lifier (measured signal) and 


from the radio-channel (main signal). 


Fig. 277 


The recorders of amplitude 7 and of phase 8 - are sinvle- 
channel. The covers on recorders are removable for convenient 
servicinge 

The disposition of A=RA-2 measuring apparatus in helicopter 
MI-4 is identical to that of A®!RA-58. The only difference is 
that AERA-2 has a mechanizcd winch with cable-cutter and the 
construction of the gondola is to some extent improved. The 
winch control is int=rblocked and can be effected both from the 


measuring cabinet and from the winch itself. In the pilot's cabin 
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is the switch for an emergency drop of the gondola. The receiving 
system in the tail is not used in AERA~e. 

The ground generating apparatus, with signal transmitter of 
the main phase in AERA-2 and AERA-58, differs very little. In 
respect of construction, it is more successful in AERA-2. The 
composition of the ground unit of AERA-2 includes additionally: 
the control of the main signal phase, master radio-station for 
communication with the captain of the helicopter, electric power- 
Plant, etc. Fig. 278 shows the expanded functional diagram of the 
ground unit. The output power amplifier 3 is cut in through the 
output system 4 (resistance matching transformer, capacitances and 
inductance box, take-off circuit of the main signal) to ieading 
grounded line AB. The amplifier 3 is activated pre-terminal follower 
which receives the signal from the master oscillator of fixed 
frequencies 1. 

The main signal is emitted into other by means of a short- 
wave transmitter, consisting of a master oscillator 24, amplifier- 
doubler 25 and output power amplifier 25. The transmitter frequency 
is stabilized by means of quartz Ky and Kee Anode screen modulation 
is effected in the output stage 26. The modulator consists of the 
preamplifier 28, the pre-terminal amplifier 29 and the push pull 
power amplifier 30. The main signal (U od is fed to the modulator 
from the output system 4 through the cathode follower 16 and phase- 
invertor 17. The level of the modulator's main signal VU iod= Us is 


controlled by a special voltmeter, which is also used in the 


measuring circuit of the main signal, 


Key to Figure 278; 
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The circuit for phase control of the main signal consists 
of FHD (11-14) with zero indicater. One FHD input receives 
the main signal, picked-up from the other by the detecting 
control receiver 7, which then passes through the amplifier 8, 
the limiter 9 and the cathode follower 10 to the circuit of the 
differential detector DD 11. To the second input of FHD is 
delivered signal Us, received from line AB and which consecutively 
passes through the cathode follower 16, the phase-invertor ghor 
the amplifier 15, the phase-invertor 14 and the cathode followers 
12 and 13~- The amplifier 19 and system 20 ensure automatic cut-out 


of line AB with its breaking. 
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The racdioestation 32 maintains communication with the 


captain of the helicopter. The ground apparatus AERA-2 gets 


5396-2 


its current supply from an independent electric power plant 6 


of JES-9 type through rectifiers 5321;223233;27331.- 


Figs 279 


The disposition of the ground apparatus ARA-2 in the van of 
truck ZIL-151 (without power plant) is shown in Fig. 279. In the 
middle of the forward side of the van is placed the cabinet with 
the power amplifier, the measuring block and the high-voltage 
rectifier. To the right of the cabinet is the communicating radio- 
station PSK=1A, to the left - the transmitter of the main signal 
and master oscillator KZGF. The telescopic antenna for the main 
signal transmitter is fitted outside in the front portion of the 
van. The antennas of the radio-station and the controlling 
detecting receiver are fitted on the roof of the vane 

The basic technical specifications of the modernised set of 


AERA-2 differ considerably from those of AERA-58 (Table 26). 


A, Apparatus for the BDK method, worked out by IAE SO AN USSR 


In the development of the apparatus for the BDK method, the 
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aim was to modernize the available AERA-58 apparatus and to improve 
its stability against noise. In this connection, the individual 
elements and units of systems were investigated, new principal 
diagram worked out, as well as the construction of the measuring 
apparatus, the basic technical specifications of which are shown 


below was carried oute 


Ground Unit: Operating frequencies of the generating system: 
81, 244, 488, 976, 1953 cps. Power of the generating unit at each 
operating frequency with active load resistances 50; 100; 150; 200 
and 300 ohm not less than 2 kwt. The radio-transmitter of the main 
signal operates in the frequency range 36.0 to 46.1 Megacycles with 
output power about 20 watts providing for the transmission of this 
Signal to the helicopter with its removal from the ground unit to 


a distance of upto 40 km. There is a communicating radio-station. 


Mobile Group; The horizontal component of the magnetic 
field is measured by means of low-frequency reception antenna with 
ferrite core tuned to the operating frequency. The antenna and 
the preamplifier are meant for working in the temperature range 
~25° - + 35° with relative humidity of the surrounding medium upto 


80%. 


The measuring system provides for the measuring and recording 
of the modulus and phase shift related or components of the signal 
from the horizontal component of the magnetic field of the relative 
Main signal coinciding in the phase with the cable current. The 
minimum values of the magnetic field intensity, neasured on operating 


frequencies, are as follows: for 81 eps - 4.107? a/m for 244 cps - 


6 


410°°, for 488; 976 and 1953 cps - 8.107’ @/m. The maximum 
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TABLE - 26 
CHGRELCEERt SCE se AERA-58 AERA~2 Remarks 
Ground Unit 

Operating frequencies, cps 81; 244; 976; 3904 244; 488; 976; 1952 In AERA-58 with frequenc; 
3904 and length of cable 
over 5 km matching of 
power amplifier with 
load is very poor. 

Nominal output power (on active load), Ipto 1.8 Upto 2.4 

k-watt 

Operating frequencies of main 

signal transmitter Megacycles 38,3 and 39.4 2021 and 3.33 

Emitting power in antenna, v 80 100 

Total power consumption, K-watt 6 6 


Constructive features 


Operating frequencies, cps 


Transporting in- 
trailers. Const- 
ruction not sec- 
tional, hence not 
portable manually. 


May be set and 
transported in 

vans GAZ-63 or 
ZIL-151. Possi- 

ble to be carried 

by hand and trans- 
ported by helicopter. 


Mobile (Airborne) Unit. 


81; 244; 976; 3904 alk; 488; 976; 1952; 


In AERA-58, due to the 
noise, level frequency 
81 cps was not used be- 
cause of the non- 
matching of cable with 
out=-put power amplifier; 
frequency 3904 cps was 
also not used. 
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Measurable quantities Phase angle and 
component (active or 


reactive). 


Resonance sensitivity 


Sr, v of reception 
circu # on operating frequencies, cps: 
81 0.44 
244 3-75 
488 is 
976 150 
1952 ~ 
3904 18.0 


Q-Coefficient of reception circuit on 
operating frequencies, cps: 


84 8 
24h 35 
488 - 
976 50 
1952 = 
3904 50 
Lower working range in modulus 
(component) measuring on operating 
frequencies, mcv. 15 
Upper working range of modulus 
(component) measuring, mv. 5 
Non-working zone in cable, km 2 
Operating frequency switching 
during survey Impossible 


Without estimate of 
amplification coeffi- 
cients of elements in 
eandola 


Possibility of calibration during 
helicopter flight. 


Phase angle and 
modulus. 


The receiving element in 
AERA-2 is a coil with 
ferrite 200 (ferrite has 
a manganese addition). 


100 


Possible. 


With estimate of 
amplification co- 
efficient of ele- 
ments in gondola. 
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Reduced error of modulus 3% (with ratio of Va 
(components) recording active and reactive 
components less than 3) 


Ranges of modulus recording 6 9 

Working range of phase recording, Oo - 40 - 30-0 = +30 

degre 

Reduced error of phase recording, 

degre 105 1 

Ranges of phase recording 6.2 12 Range switching by +30° 


Phase characteristics drift with temp- 

erature variation of surrounding 1 Oe1- 0615 

medium by 10 C, degr. 

Power consumed from board network, Let-down of gondola 

K-watte 142 1,0 during helicopter flight: 
for AERA-58 - by hand, 
For AEBRA~2 - electric 
winch and by hand. 


Weight of apparatus without gondola 
and winch, kg. 300 250 


= FP. 


measuring range of the magnetic field intensity on all operating 
frequencies 4 107° &/m. The reduced fundamental error in any 
measuring range does not exceed 3% in the modulus and a7 in the 
phase. The apparatus provides for the measuring of the phase shift 
within 0-360°, 

The scale travel time of the pen-carriage in the phase and 
components recorders does not exceed 71 sec. The measuring unit 
has a device for graduating the measuring channels of the phase 
and components. The selectivity of the measuring unit is not 


below 40 db with detuning by 10%. 


The current supply of the apparatus is from the network 
of the helicopter 26 v; the maximum consumed power is not over 


1 k-watt. The weight of apparatus is about 300 kg. 


The phase characteristic of the main phase radio~receiver 
in the low-frequency demodulated signal is stable - phase drift not 
over 0.5° during 2 hrs of work. The error in phase transmission of 
the main signal in telation to the current phase in the cable is 
within 1°, 

Each of thetwo independent output voltages of the master 
oscillator, adjustable by means of adjusting resistances within 
0-20 v, is measured by the detecting voltmeter of mean values. 

The master oscillator gets current supply through its own 


stabilized rectifier. 


The power amplifier is a four-stage, assembled on push- 
pull circuit. The actuating voltage for obtaining nominal output 


power should be about 250 v. The secondary winding of the output 


a! IDB 


transformer is sectional and is estimated for matching with the 
active load 50; 100; 150; 200 and 300 ohm. In series with the 
grounded end of the secondary winding is the cut-in ammeter with 
measuring range 7 a for current control in the cable. Since cable 
resistance has inductive nature on operating frequencies, the power 
amplifier is provided with a set of capacitance, connected in series 


with the cable for compensating reactive load resistance. 


The transmitter of the main phase signal in the BDK apparatus 
is the standard UKV radio-station, working on fixed operating 
frequencies 36.0 ~ 46,1 megacycles. The same radio-station is 
set up on the helicopter for reception of the main signal. To 
provide an assured reception of the signal at any point of the 
survey area, an antenna with a circular directional characteristics 


is used in the horizontal plane. 


All the elements included in the ground unit are energized 
by 220 v voltage with frequency 50 cps from the power plant of 


the three-phase current with petrol engine. 


The block diagram of the apparatus is shown in Fig.280,. 
The ground unit includes mobile power plant of three-phase current 1, 
the master oscillator with quartz control of frequency 2, the vacuum 
tube power amplifier 3, the radio-transmitter of main signal 4 and 
the radio-station for a two-way communication with the helicopter 
5» The ground unit does not have a device for the phase control 
of comparative voltage, by means of which it is possible to 
determine and then to eliminate the additional phase shifts, 
emerging in the radio-channel with the transmission of the main 
phase. Compensation for these shifts in the apvaratus is provided 


only by means of elements, included in the mobile group. 
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The signal of the operating frequency from the output 
of the master oscillator is delivered to the input of the power 
amplifier and to modulator YKV-4M of the main signal radio- 
transmitter. The circuit of the master oscillator permits adjustment 
of each voltage separately. The fundamental frequency of the 
quartz master oscillator is 7812 cps; the other operating frequencies 
are obtained by deviding the main frequency by four in the first 
divider ( to obtain frequency 1953 cps arid by two in the second, 
third and fourth dividers. In the fifth divider with division ratio 
three, the working frequency of 81 cps ( SP 81 cps) is obtained. 


Also used as dividers are the relaxation synchronized oscillators- 


multivibrators. 


The measured signal, received by the ferrite antenna 6 and 
amplified by the preamplifier 8, is transmitted by wire-cable to 
the input of the first amplifying stage 9. Block ? serves to 


tune into resonance the receiving ferrite antenna. 
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The geophysical efficiency of the apparatus depends on 
its actual sensitivity, determinable not only by the sensitivity 
of the circuit adopted, i.e., by the minimum signal which could 
be reliably recorded, but also by the extent of its being noise-~ 
proof. To obtain greater sensitivity to the field a high-sensitive 
field receiver is required which should be provided with high 
stability against noises with vibration nature and external electro- 
magnetic interference. The measuring channel should have the 


lower possible level of fundamental noises. 


As a magnetic field receiver, the applicztion of a coil with 
ferrite core is made tuned to the operating frequency for enhancing 
its sensitivity and selectivity. However, in the tuning of the 
antenna, control of the input phase errors is required, and also 
the checking of the circuit's sensitivity from the voltage of the 


measured field. 


Bringing out of the ficld receiver and preamplifier into 
the gondola, trailing during the survey at the length of the cable 
(20-30m ), makes it possible to reduce to a considerable extent 
the level of vibration noises. Placed into the gondola is also a 
remote control device 7, permitting the operator to switch-over 


the tuning capacitances of the frame into resonance, 


After the selective amplifier 11 (10-measuring range switch), 
the signal is additionally amplified by amplifier 12, having linear 
or logarithsmic curvee The presence of the logarithmiqg amplifier 
in the measuring channel simplifies the operator's work and improves 


the obtainable data, specially in measurements, carried out near 


~ 925 


the lcying of the cable, i.e., where the normal cable field 


Sharply varies in intensity. 


For the measuring phase, active or reactive components of 
eemef.-, induced in the field receiver, and also for the building 
up of coordinates, the radio-channel is used for transmitting the 


main signal. 


Due to the fact that, for obtaining high stability of the 
apparatus against interference on low frequencies of the frequency 
filters with high Q-coefficient and stability of the parameters 
(52) is difficult, in these conditions the application for enhancing 
interference-stability of theapparatus is of the correlation method 
(synchronous detection). The synchronous detector with high time 
constant of the output LF filter permits the attenuation of the 
non-synchronous noise to a considerable extent ; this, however, 
reduces the quick action, which is undesireable for the measuring 
apparatus, set up on a moving object. Therefore, the time 
constant of the filter has been selected with an estimate of the 
helicopter's speed. In this measuring circuit, the positive 
properties of synchronous detecting are utilized, and to exclude 
the noise effect from the frequencies, lying beyond the pass band, 
prefiltering of the signal has been applied to commutation 
condition of the detector, iee., in this apparatus, as in others, 
provision is made for the suppression, by filtering, of noises 


remote from the working frequency and for the near ones - by corre- 


lation method. 


The application of synchronous detecting proposes the 


recording of results in rectangular coordinates, as the voltage 
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at the output of the synchronous detector is proportional to the 
active or reactive component. In order to obtain the measuring 
results in polar coordinates, while maintaining high interference 
stability, assured by the synohronous detector, a scheme for the 
conversion of Cartesian coordinates into polar ones, by means of 
the device for mean-square adding (53), was adopted. With this aim 
the direct voltage at the output of the two synchronous detectors 
gets transformed into alternate current voltages (one of them turns 
in the phase at 90°). Since the voltages delivered at the accumulator 
are in quadrature, the amplitude of the output signal will be 
proportional to the square root from the sum of components square, 
and the voltage phase at the output of the summating civouit in 
respect of transformed voltage of the active component will be 
equivalent to the phase of the measured signal. To measure the 
phase shift of the signal, it is sufficient to measure the phase 
shift between the commutating voltage and the voltage at the output 


of the summating circuit. 


From the output of the amplifier 12, two signals, one of 
which is turned in the phase at 90° by the phase-invertor 13, 
arrives simultaneously through the phase-inversion circuits 14 
and 15 at the synchronous detectors 18 and 17, controlled by the 
comparative voltage of rectangular shape. The output direct current 
voltages of synchronous detectors are proportional to the active 
and reactive components of the measured signal. Low-frequency 
filters at the output of the detectors provide a pass band on 


any operating frequency in the order of a few cps. The output 


voltages of the detectors are measured and recorded by two automatic 


a ey 


electronic compensators 18 and 19, based on standard automatic 


bridges MSI-0O1. 


‘In measuring the modulus and phase, the constant current 
output voltages of synchronous detectors get transformed into 
alternate ones by means of semi-conductor transformers 20 and 21, 
controlled by voltage from the output of the multivibrator 22, 
operating on a frequency of about 750 cps. The alternate current 
voltage with transformation frequency is separated, after the summma- 
tion, the application is of the automatic compensator 18 which, 
in this case, is cut out from the synchronous detector 16 of the 


active component. 


The direct voltage, proportional to the signal module, is 
used for the automatic gain control of the logarithmic amplifier, 


and also for the automatic switching of the measuring range. 


The phase shifts are measured by the phase meter, based on 
the phase detector 28. The voltages from the multivibrator and 
summation circuit are put into the detector after the limiters 
26 and 27. The recording of the phase is effected by switching over 


the automatic compensator of the reactive component. 


The comparative voltage, transmitted from the ground 
apparatus to the helicopter, is received by the radio-receiver 29, 
from the output of which after amplification by the selective 
amplifier 30 it arrives at the two phase-adjusters 31 and 32, 
constructed on the base of the VIM type revolving transformers. 
The phase-adjusters assure even phase variation of the received 
main signal within 0-360°. At the synchronous detectors, the main 


signal arrives from the output of the phase-adjuster 32 after 


223 = 


the limiter 33. 


The phase meter is estimated to measure the phase shifts 
within the range 0-30°, For measuring higher angles, the use of 
the phase regulator 32 is made, by.means of which it is possible 
to bring in a prefixed phase shift ( for instance of 30° and hence 
every 30°). With its use, it is also possible to combine the phase 


of the main signal with the current phase in the cable. 


To enhance the accuracy of measurements, the apparatus is 
provided with a special graduating device, consisting of an auxiliary 
frame 34, inductiviely coupled with the receiving frame 6, the 
graduated phase regulator 31, connected in the channel of the 
comparative voltage, the voltmeter 35 and the attenuator 36. By 
means of this system, a field with a known phase is generated and 
the intensity and the amplitude and phase characteristics of the 
measuring channel as a whole are checked for measuring with an error 


in the amplitude upto 2% and in the phase upto se 


The current supply of the entire measuring unit is obtained 
from the helicopter's network with voltage 27 v, filament circuits - 
directly from the network, other circuits through transformers 37, 
38 and 39. The transformers 38 and 39 ( frequency 125 cps) are 
used for the current supply of vibrotransformers and synchronous 
motors of recorders. The aviational transformer 47 with power 
500 va, voltage 115 v and frequency 400 cps, serves to supply the 
current for the stabilized rectifier 40 ( supply of anode-screen 


circuits of measuring apparatus). 


The communication of the mobile unit with the ground one 


is throvuzh the radio-station of the helicopter 41. For automatic 
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fixing of time breaks on recorder tapes, indicating simultaneously 
the measuring range, guide marks and automatic switching of measuring 
range, block 42 is used. The control of recording guide marks is 


brought out on the navigator's panel. 


The principal circuits of the main units of the apparatus 
are described in sufficient details in (118), therefore they are 
not discussed here. All the functional blocks of the measuring 
apparatus in the mobile group (measuring of main signal, rectifier, 
automatics and two recording blocks) are set up in a special cabinet 
and field to the floor by means of bolts and antidrag wires. Near 
the crew cabin the winch and the lowering system are set up. The 
supply block is placed above the battery compartment, and the next 
transformer PO-500. The antenna of the main signal receiver is 
fixed on the tail beam of the helicopter. The measuring cabinet 
is joined to other elements of the mobile group by means of 


flexible hoses and connectors. 


For an emergency drop of the gondola, there is a cable-cutter, 
controlled from the cabin by the pilot. The pilot can also cut out 


the supply of the entire measuring apparatus and of the winch. 


De Correlation of survey results to locality 


In geophysical investigations, the main practical interest 
and definite value are only of the data connected with the 
coordinates of the selected ground points or completely correlated 


with the locality of aerial electric prospecting. 
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The apparatus of aerial electric prospecting usually 
carries out continuous recording of measured parameters, shown in 
the form of curves. Therefore, all the points of the curve should 
refer to the corresponding points in the locality and, moreover, the 
altitude of the survey should be known. This means that, in aerial 
electric prospecting, as in the other aerogeophysical methods of 
mineral prospecting, it is necessary to carry out planimetric and 


altitude tying to the locality. 


The chief methods of planimetric tie-in are visual tying, 
aerial photo-survey and radio-navigation. The first is usually 
carried out by the navigator of the aircraft in visual orientation 
from topographic of the locality or directly in the locality with 
the use of navigation devices of low accuracy; the second, by tying 
prints of photosurvey of the locality and the third - by means of 


special radignavigation devices. 


As a result of :planimetric tying, regardless of how it was 
effected, a map of the route, travelled by the aircraft during the 
operation of the airborne electric prospecting apparatus, is 
obtained. Plottig of recordediparameters, syncronizing time break 
and guide marks on the curve permits referring the curves to certain 
segments of the aircraft route and to reduce them to the scale of 


the mape of the survey areae 


With visual tying the instants of passing above the landmarks 
are fixed by the navigator, as a rule, visually. The navigator 
presses the button switch of the remote marker of landmarks and 


on the tape of the recorder a corresponding mark appears. The passed 
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landmarks, the time of passing them and their number are entered 
in the plane log-book and marked onthe field map. The geophysicist 
operator usually records on the tape the main points about the 


landmark. 


The technique and methods of visual tying are, on the 
whole, simple, require attention and effort of the navigator. The 


reading errors in visual tying are at best 10-30 mn. 


In the absence of special radio-navigation means for 
piloting, there are frequently considerable deviations of the actual 
aircraft route from thecourse preset on the map, iee., there are 
navigational errors during the flight along the profile. These 
errors are specially appreciable when the aerial survey is carried 
out in the taiga, open steppes without any landmark mountain areas, 
in survey with rounding of relief and intensive turbulence of air 
massese Photo-tying has the best indicating quality. In comparison 

with .visual photo-tying, taking photo prints of a locality, has a 
numoer of advantages the pokeibiticy of recording all the landmarks 
along the survey route and considerably greater accuracy of having 
them fixed the objective documentation of tying the possibility of 
controlling the results of the photosurvey and the use of differences 
imperceptible to the eye, in the coloring of the locality(spectrozonal 
film). Photo-tying is effected by wide-angle cameras, since it is 
highly important to obtain the maximum possible “capture! of the 
locality and small scale aerial photographs. This constitutes 


its difference from the usual aerial photo-survey. 
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Key, to Figure 7 


a, Switch; i 
b, Phase meter -1;! 
by, Phase meter 2./ 


Fig: 281. 


However, in composite geographical conditions photo-tying 

without the ;uide marks is practically :inapolicable. In this 

condition the only method for direct tying of the aircraft routes and 
data of airborne electric prospecting apparatus, set up on it, is the 
radio navigation method or the method of radio-geodesical tying. Radio- 
nevigation means for planimetric tying are, naturally, more complicated 
than the above indicated, as a rule, they are costly and bulky, require 
a considerable number of serving personnel and their accuracy as far is 


comparatively low. 


ot > rd 


An example of radio-geodesic tying, which is most popular 
and could be used in aerial electric prospecting, is the radio-navigation 
system (142), the block diagram of which is shown in Fig: 281. The 
System consists of three ground base transmitting radio-stations and 
one retYansmitting installation and also of the apparatus set up on the 


aircraft. 


The operating principle of the system consists of the following. 
The central doubled base transmitter 1 emits alternately high-frequency 
oscillations of two different fixed frequencies f., and fo. with average 
switching frequency 6 cps. Two other single basic Pca iene, and 3 
continuously emit corresponding frequencies f, +A f. and tye hobo A f, 
and fy ft, - low frequencies. Thus, at f, = 2510 k-cps we have iv f,=400 
cps, at f, = 2600 k-cps A f, = 600 cps. Coordinates of the ground 


installation of the three transmitters should be known. 


At some land point, the coordinates of which should be known 
even approximately, is installed a retransmitter 4, consisting of two 
receivers Pr. 3 and Pr. 4, tuned respectively to frequencies f, and f, 
and trunsmitter Per.4, the carrier frequency F of which is quite 


distinct from frequencies f, and f5- 


The retransmitting installations 4 serves to obtain the main 
phase, During the intervals when the central station 1 emits 
oscillations with frequency fas the receiver Pr.3 receives simultaneously 
signals with frequencies f, and f, + A f, and separates at the output 
oscillations with differential frequency A fas which after passing 
through low-frequency filter F, are delivered to modulator stage of 


retransmitter Per.4. 
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Thus, the carrier frequency F of the retransmitter Per.4 is 
alternately medulated by frequencies aw f, and A f,- Set up on 
the aircraft is a mobile station 5 with three receivers (Pr.17, Pr.2, Pr.5) 
tuned respectively to frequencies fas f, and F. At the output of the 
receivers are cut in low-frequency filters F, which separate the 


signals of differential frequency A fas and A tf, arriving therefore 


into two recordingphase meters. 


At the moment of send-off by the central transmitter Per. 4A 


of the signal with frequency f, the receivers Pr.1 and Pr.5 separate 
oscillations with differential frequency A fas which are compared 

in the phase in the first phase meter. At the instant of send-off by 

the central transmitter Per. 4° of the signal with frequency f, receivers 
Pr.2 and Pr.5 separate oscillations with differential frequency A Pos 


which are also compared by the phase in the second phase meter. 


The difference of phases measured in phase meters depends on 
the difference in the distance between the mobile object and ground 
base stations. With the motion of the aircraft, inthe field of base 
stations continuous increment of phase shifts occurs, which phase-shift 
are recorded by phase meters. Then all the obtained data are plotted 


by a special method on the working map of the locality. 


This system of radio-geodesical tying is bulky; therefore, 
development of more compact, comparatively simple systems, not requirgng 
the spread of ground stations, is beins carried out. Apparently the 
systems based on doppler effect (26, 165), will become the most widely 


adopted in aerial electric prospecting. 


Tito = 


Altitude tying in aerial electric prospec"ing is usually 
effected ny means of barometric or radio-technical altimeters, which 
fix barometric or true altitude respectively in the form of continuous 


or periodic recordings (curves) on the tapes of recorders. 
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